Study of Ti-Al-Cr oxidation resistant coatings for gamma-TiAl based intermetallic alloys. by Wang, Zhiqi.
7305755
UNIVERSITY OF SURREY LIBRARY
ProQuest Number: All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com plete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed, 
a note will indicate the deletion.
uest
ProQuest 10130240
Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 4 81 06 - 1346
STUDY OF Ti-Al-Cr OXIDATION RESISTANT 
COATINGS FOR y-TiAl BASED 
INTERMETALLIC ALLOYS
BY
ZhiqiWANG
A Thesis Submitted to the University of Surrey for the 
Degree of Doctor of Philosophy
October 2002
IABSTRACT
Magnetron sputter deposition with single target materials was used to produce amorphous and 
crystalline Ti-Al-(Cr) alloy coatings on a Ti-50A1 substrate. The following coatings were 
studied: Ti-50Al-10Cr, Ti-53Al-15Cr, Ti-50Al-20Cr and Ti-48A1. The microstructures of the 
coatings were studied in the as deposited condition and after devitrification and heat 
treatment. A  random distribution of nano-precipitates was formed in amorphous as-deposited 
coatings. Columnar features were present when the as-received deposit had crystallised during 
sputter deposition. If crystallisation occuneJduring deposition, a columnar
microstructure formed with the columnar fibres being parallel to the deposition
direction. For the Ti-50Al-10Cr and Ti-53Al-15Cr deposits, the crystalline domains consisted 
of lamellar y<ll  1> //  a<0002>, i.e. the crystalline deposits had a y<l 11> / /  a < 0002> texture. 
The a  - »  a 2 transformation occurred during deposition.
Phase competition in the alloys was studied by combining thermodynamic modelling and 
transformation kinetics. At 1173K, the Ti-50Al-10Cr alloy transformed to a two-phase 
microstraeture, consisting of the y and C14 Ti(Al, Cr)2 phases. The Ti-53Al-15Cr alloy 
transformed to a three-phase microstructure, consisting of the y, x and the C14 Laves phase. 
The y and x phases were mixed finely, with y<100> / /  x<100>. The Ti-50Al-20Cr alloy 
transformadto a two-phase microstructure, consisting of the y and the C l4 Laves phase. No 
orientation relationship between the y and the C14 Laves phase was observed. Phase 
evolution studies at lower temperatures in the range 773K to 973K indicated that for the 
amorphous Ti-48A1 alloy, the phase transformation path is: the amorphous phase - > a - > y  + 
a /a 2. A  fine lamellar structure was formed, with y being the dominant phase. For the Ti-50A1- 
20Cr alloy, the phase transformation path was: the amoiphous phase — >  y —» y + Ti(Al, Cr)2>
The experimental observations and the modelling results have clearly suggested a tendency of 
amorphous phase stabilisation via Cr addition. Thermodynamic modelling also indicated that 
the driving force for amorphous alloy formation is not much less than that for the 
precipitation of disordered solution phases. Kinetically, the amorphous phase formation 
during sputter deposition is related to the suppression of surface diffusion at low substrate 
temperatures.
The temperature processing window for ordered phase formation in the Ti-Al(-Cr) alloys 
during magnetron sputter deposition was evaluated by the effective diffusion distance. Time 
dependent nucleation calculations showed that in the Ti-48A1 amorphous alloy, it would be 
kinetically easier to precipitate the a  phase than the y phase. In the case of the Ti-50Al-20Cr 
alloy, the y phase forms in preference of a, which is consistent with experimental 
observations.
Diffusion phenomena at the coating/substrate interface and the oxidisation of the coatings 
were also studied. The experimental Cr diffusion profiles and the simulations for the Ti-Al-Cr 
coatings and the Ti-50A1 substrate indicated that diffusion at 1173K is reasonably slow. The 
Ti-50Al-10Cr, Ti-53Al-15Cr and the Ti-50Al-20Cr coatings could form protective oxide 
scales at 1173K. When a columnar structure was present in the crystalline deposit, cracking of 
the coating was observed when the coating was subject to thermal cycling from elevated 
temperatures. It is concluded that if cracking of the coatings was to be avoided, amorphous 
deposits should be preferred.
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In troduction
Titanium aluminides (particularly a 2 -Ti3A l and y-TiAl) are candidate structural 
materials for applications in the aerospace industry, due to an attractive combination of 
properties such as low density, high specific strength and modulus o f  elasticity, good 
corrosion and oxidation resistance. In particular, the y-TiAl based alloys are most 
promising. However, the oxidation resistance o f these alloys degrades significantly at 
elevated temperatures, i.e. above 1023K, since at these temperatures continuous 
alumina scale cannot form. Efforts to improve their oxidation resistance through 
modification o f alloy chemistry are often accompanied by degradation in mechanical 
properties and increase -to density.
Surface modification techniques and coatings have been employed in order to improve 
the high temperature performance o f the y-TiAl based alloys. In recent years the Ti-Al- 
Cr alloy system has attracted much attention, as alloys containing combinations of 
certain phase(s) have demonstrated excellent high temperature performance. 
Furthermore, Ti-Al-Cr alloys often have similar thermal expansion coefficients to/m  
the y-TiAl based substrates.
The work discussed in this thesis is part o f a wider research programme on the 
development o f intermetallic alloys for high temperature applications. The project is a 
collaborative programme between the University o f Surrey and the Institute o f Metal 
Research, Academia Sinica, Shenyang, China. The objectives o f the research described 
in this thesis were t o :
1. Produce ternary Ti-Al-Cr deposits on a Ti-50A1 substrate using magnetron 
sputter deposition.
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2. Understand the selection o f metastable phases during magnetron sputter 
deposition.
3. Study the relationship between processing parameters and microstructures.
4. Analyse the phase equilibria in ternary Ti-Al-Cr alloys at 1173K to understand 
the phase competition and selection in TiAl(Cr) alloys produced by non­
equilibrium processing.
5. Evaluate the high temperature performance o f the Ti-Al-Cr deposits on the Ti- 
50A1 substrate.
The strategies adopted for realising the above objectives include:
1. The design o f coating alloys o f different compositions.
2. The use o f the magnetron sputter deposition technique to achieve different 
microstructures under different processing conditions.
3. The use o f  a range o f experimental techniques to evaluate the microstructure 
and high temperature oxidation behaviour o f the coatings.
4. The use o f thermodynamic data together with the CALPHAD (Calculation o f  
Phase Diagram) method for a thermodynamic analysis o f phase competition.
The thesis begins with a brief review o f the literature on the titanium alloys and the 
intermetallics studied in this work, the oxidation behaviour at elevated temperatures o f  
certain Ti-Al and Ti-Al-Cr alloys, as well as a brief background to 7 phase evolution. 
The experimental procedures are then discussed in Chapter 3. Chapters 4 and 5 are 
dedicated to the experimental results, the analysis o f the microstructures and the phase 
identifications in the as-received and the heat-treated deposits. Thermodynamic and 
kinetic analysis o f  the results is presented in Chapter 6. Chapter 7 describes the results 
on the Cr diffusion and oxidation behaviour o f the ternary deposits. The conclusions o f  
the research discussed in this thesis and suggestions for future work are given in 
Chapter 8.
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Literature Survey
2.1 Introduction
This chapter gives a brief review o f the literature that is relevant to this thesis. It is 
divided into four sections. The first section focuses on titanium alloys and 
intermetallics, with the emphasis being on the structural aspects, mechanical properties 
and oxidation behaviour of these materials. The next section .reviews certain aspects of 
the theory of phase transformations. Since amorphous coatings have been produced in 
this study, the third section is devoted to the amorphous metallic materials. Finally, 
techniques of applying coatings on metallic substrates are briefly discussed at the end 
of this chapter.
2.2 Titanium Alloys and Intermetallics
2.2.1 Conventional Titanium Alloys
Titanium is a transition metal in group IVb in the periodic table, with an incomplete d- 
shell which enables it to form solid solutions with most substitutional elements having 
a size factor within ±20% . At 1155K, Ti undergoes an allotropic transformation from a 
low temperature, hexagonal close packed (h.c.p) structured a  phase (a -  0.295 llnm, c 
-  0.46843nm) to a body centred cubic (b.e.c) j3 phase (a =  0.3307nm at 1173K) that 
remains stable up to the melting point (Okamoto, 1993).
Different alloying elements tend to stabilise either the a  or (3 phase. This behaviour is 
related to the number of bonding electronS.Elements that stabilise the a  phase are either
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transition metal elements with electron to atom ratio (e/a) < 4 or non-transition metal 
elements. Among these, Al, O, N are the major a-stabilisers. Transition metal elements 
with e/a > 4 depress the a/p transus and stabilise the p phase. They are called p- 
° stabilisers and include Cu, Cr, Fe, Mn, Ni, Co, Mo, W and V. Elements with e/a o f 4 
are neutral. Zr and Si are regarded as being this type.
Elements that depress the a/p transus could be further divided into two sub-groups. 
The first group will form binary systems o f the P-isomorphous type; the other will 
favour the P-eutectoid transformation. However, in practice, the eutectoid reaction is 
very sluggish in some alloys, e.g. Ti-Mn and Ti-Fe. These alloys often behave as if 
they Hftve conformed to the P-isomorphous phase diagram (Polmear, 1995). The basic 
type?of phase diagram, o f titanium alloys containing a/p stabilisers are illustrated in 
figure 2.1.
Aluminium, an effective a-stabilising element, is the most important alloying addition 
in the conventional titanium alloys. The aluminium equivalence Aleq is a major 
empirical parameter that measures the total alloying effect due to a-stabilising 
elements. If measured by weight, aluminium equivalence is given by (Polmear, 1989):
Aleq = Al + Zr/6 + Sn/3 +10x(O + C + 2N) (2.1)
For conventional a-based Ti alloys, Aleq is practically limited to be < 9wt.% in order to 
avoid embrittlement o f the alloys due to chemical ordering in the a  phase to form the 
a2~Ti3Al phase.
The ordering reaction o f the a  phase has been widely studied, especially in binary Ti- 
A1 alloys. It is known that ageing at elevated temperatures of alloys with an Al content 
greater than 5 -  6at.% can lead to the formation of a finely dispersed a2 phase. This 
ordered phase is coherent with the o f a  phase over a wide range o f temperature. It has a
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general formula o f TtyX and has the DO 19 crystal structure. Continuing ageing can lead 
to a,2 coarsening. The formation o f the 02 phase reduces the ductility o f the a  phase. In 
other a  alloys such as Ti-Sn, and in more complex compositions, the 02 phase 
formation becomes more difficult, as the misfit between the a and 02 lattices increases.
The ft titanium alloys contain enough P-stabilising elements to retain a fully P- 
structure on quenching from above the P-transus. Alloys that compositionally lie 
between the critical minimum level o f P-stabiliser content (i.e. where the Ms line 
intersects the room temperature axis, see figure 2.1) and the similar intersection point 
o f the p-transus line are often referred to as metastable p alloys, since they precipitate a 
second phase, usually a, during ageing. The P alloys offer high-strength, good 
formability and potentially high-hardenability (the latter is achieved by adding a high 
concentration o f solute elements). However, the p alloys may form the © phase during 
heat-treatment, which leads to their embrittlement. Elements that stabilise the P- 
eutectoid transformation may cause the formation o f an intermetallic compound (e.g. 
TiCi*2), which may also cause embrittlement.
2.2.2 The Ti-Al System
The titanium aluminides of interest in the aerospace industry are the a,2-Ti3Al and y- 
TiAl phases, both of which exist over a range o f compositions, together with the 
stoichemetric compound TiAfi. These titanium aluminides offer advantages, such as:
■ Improved levels o f specific stiffness combined with lower density, compared with 
the nickel based superalloys (their densities are approximately half o f the nickel 
based superalloys).
■ Higher values o f elastic modules than conventional titanium alloys.
■ Good oxidation resistance, especially as the Al content is increased.
■ Enhanced creep resistance because the strong bonding between the two different 
atoms in the superlattices o f the ordered crystal structures restricts both dislocation 
motion and atomic diffusion at elevated temperatures (Polmear, 1995).
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The disadvantage o f these aluminides is that they have low values o f ambient 
temperature ductility, due to their limited capacity to undergo slip. Moreover, the a2 
phase does not undergo deformation by twinning, unlike most other hexagonal metals 
and alloys (Polmear, 1995).
The Ti-Al phase diagram is shown in figure 2.2 and the phase data0$ given in table 2.1. 
The T fA l based alloys are the oldest and most studied titanium aluminides. The TisAl 
undergoes an order/disorder transition within the composition range 22-39at.% Al to 
form the ordered DO 19 hexagonal structure, the a2 phase (Blackburn and Williams, 
1969). The lattice constant a o f a2 is approximately twice that o f the a phase. In the Ti- 
Al alloy system, there is a general agreement concerning the ot/(oc + a2) phase 
boundary up to 1073K. There has been much controversy as to whether a2 forms by 
peritectic reaction involving p and the intermediate compound TiAl, or by phase 
separation o f a  at higher temperatures. Research relating to this part o f phase equilibria 
is still going on (Palm et al, 2002).
When alloys are quenched from the p phase field, they undergo a martensitic 
transformation. It has been noted that the addition o f p stabilising elements such as Nb, 
Mo and V can promote formation of a ductile ordered b.c.c phase, B2, in which co or co 
related phases may form during cooling to room temperature. It has been reported that 
the basket weave configuration o f secondary Widmanstatten plates o f a2 together with 
the B2 phase offers the best overall combination o f mechanical properties (Polmear,
1995).
fl
The development o f y-TiAl based alloys is more recent and has attracted^great amount 
of attention, even though this compound has less room temperature ductility than a2- 
T^Al. Nevertheless, the growing attention to y-TiAl based alloys is attributed to lower 
densities combined with superior values of elastic modulus, oxidation resistance (up to 
around 973K), thermal stability and the fact that they show plasticity at elevated 
temperatures.
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The y-TiAl phase has a face centred tetragonal structure with the lattice constants being 
a = 0.4005 nm and c -  0.4070 run and is o f the L lo  structural type. In the y-TiAl, the
Al atoms occupy the comers o f the lattice as well as the centre o f the top and bottom
remaining
planes; the Ti atoms occupy the centre o f the^ re; . four planes. Thus, the y-TiAl phase 
can be considered as Al and Ti atoms arranged in alternating layers.
The composition of y-TiAl may extend from 48.5 to 66 at.% Al. The most practical 
interest, however, lies at the lower end o f this range. Most y-TiAl based alloys studied 
to date are in the composition ranging from 46 ~ 52 at.% Al. They can be classified as 
single-phase y and two-phase (y + 0C2) alloys (Kim, 1989). The y-TiAl compound 
remains ordered up to its melting point o f about 1733K. Tetragonality (i.e. the c/a 
ratio) is close to unity, varying from 1.01 to 1.03 for the two extremes o f aluminium 
content. Dislocation mobility is severely restricted. Twinning occurs at elevated 
temperatures and it is considered to contribute to the increased plasticity o f y.
The microstructure of the y-TiAl based alloys can be controlled by heat treatment and 
themiomechanical processing. It has been noted that the microstructures developed 
from forged two-phase alloys are virtually unlimited in variations depending on such 
conditions as heating rate, heat treatment temperature and time, cooling rate and heat 
treatment schedule, ageing temperature and time (McCullough, 1989). The 
micro structure o f y-TiAl based alloys can be categorised into three major types:
■ Lamellar microstructures, which are common, consist o f colonies of y plates or, in 
two-phase alloys, alternating plates of y and 0C2.
■ Equi-axed microstructures consist entirely o f y grains in single-phase alloys; in 
two-phase alloys, this structure is predominantly y grains surrounded by a2 
particles at grain boundaries.
■ The duplex microstructures consist o f mixtures o f equi-axed grains and lamellar 
colonies.
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These three types of microstructures exhibit different mechanical properties. A two- 
phase, lamellar morphology is generally considered to provide the best balance, as long 
as the grain size is kept fine (Kim, 1991, Kim, 1992).
The compound Al3Ti has also attracted some attention as^potential high temperature 
structural material because o f its relatively high melting point and good oxidation 
resistance. Compared t/yrth the above aluminides, Al3Ti exhibits the highest specific 
stiffness and oxidation resistance. However, Al3Ti has a low symmetry tetragonal DO22 
structure and is brittle at lower temperature .^ At low temperatures the deformation 
occurs solely by (111)[112 ] twinning (Nakayama and Mabuchi, 1993).
Table 2.1 Phases in the Ti-Al equilibrium system (Villars and Calvert, 1985).
Pearson symbol Space group Lattice constants/nm
P cI2 Im3m a = 0.33065
a hP2 P63/mmc a = 0.29508 
c = 0.46855
Ti3Al h?8 P63/mmc a = 0.5782 
c = 0.4629
y-TiAl tP4 P4/mmm a = 0.4005 
c = 0.4070
TiAl2 tI24 I4/amd a = 0.3976 
c = 2.4360
6 (a) • • • Not available
TiAl3 tI8 I4/mmm a = 0.3848 
c = 0.8596
a-TiAl3 (b) . . . Not available
(a) Long-period superlattice structure.
(b) Tetragonal; a superstructure of the DO22 lattice.
It is known that replacement o f a certain amount o f aluminium atoms in Al3Ti with 3-d 
transition metals such as Zn, Cr, and Ni transforms the structure o f Al3Ti to the more
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symmetric L l2 structure (ordered face-centred cube (f.c.c)), which is known as the x 
phase (Raman and Schubert, 1965a, 1965b, Seibold, 1981). Even so, the ternary 
compounds are still brittle and exhibit cleavage fracture.
Less work has been earned out on other phases in the binary Ti-Al system, such as 8, 
which is known to have a long-period superlattice structure; the TiAl2, Ti3Al5 phases 
are also known to be very brittle (Klansky et al., 1994). These phases will not be 
considered further in this review. Crystal lattice data for the above phases in the Ti-Al 
systemaasummarised in table 2.1.
2.2.3 The Ti-Al-Cr System
Improvement of the mechanical properties o f a2 and y have been sought in alloying 
with P stabilising elements. Niobium, molybdenum and vanadium were used to 
improve the ductility o f the Ti3Al phase. For two-phase y-TiAl based alloys, 
particularly two-phase alloys, 46 ~ 49 at.% o f aluminium, 1 ~ 4 at.% o f the transition 
metals such as Cr, V, Mn and Nb were added. A  reduced oxidation resistance was 
observed in the latter alloys. Examples of two-phase alloys are Ti-48Al-2Nb-2Cr 
(at.%), Ti-48A1-2V and Ti-47 Al-2. 5Nb-2 [Cr+V].
Since the oxidation resistance of y-TiAl based alloys deteriorates significantly at higher 
temperatures (973K), work has been earned out to design ternary or quartemaiy alloys 
to improve their high temperature performance. The interest t.n the Ti-Al-Cr alloy 
system is attributed to the fact that for certain alloy compositions (Cr content greater 
than 10 at.%), oxidation resistance at high temperatures is enhanced.
Work on the phase equilibria o f the Ti-Al-Cr alloy system at elevated temperatures was 
reported in the early nineties. Hayes (1992) summarised the Ti-Al, Ti-Cr and Al-Cr 
systems and outlined a very primitive ternary phase diagram. Klansky et al. (1994) 
studied phase equilibrium with the L l2 x phase at 1473K. Jewett and co-workers
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studied partial isothermal sections at 1273K and 1073K, mainly at the Al and Cr comer 
and around the x and Ti(Cr,Al)2 phases (Jewett and Dahms, 1996, Jewettl996 et 
a l 1996). Using the available data, the Ti-Al-Cr phase equilibria at 1273K and 1073K 
has been constructed, and shown in figures 2.3 and 2.4 (Shao and Tsakiropoulos, 
1999b, 2000). It can be seen that the phase equilibriarelatively well understood at 
1273K, whereas systematic data at other temperatures are still lacking.
The a  and 0,2 phases have relatively limited Cr solubility. The y phase can 
accommodate up to 7 at.% of Cr. The structure o f the x phase is closely related to the 
DO22 structure of the Al3Ti phase. The lattice constant is 0.3960nm, as reported by 
Nakayama and Mabuchi (1993). It has been reported that the x phase can be in direct 
equilibrium with the liquid phase (Shao and Tsakiropoulos, 1998). At 1273K the x 
phase field is centred at ^sCrgAfy with a deviation o f ~1 at.% (Jewett et a l 1996).
Another phase o f interest in the Ti-Al-Cr alloy system is the Ti(Cr,Al)2 phase. It is the 
y-TiCr2 phase stabilized in the Ti-Al-Cr ternary system through Al substitutions for Cr 
to at least 19 at.% Al at 1273K and to at least 24 at.% Al at 1073K (Jewett and Dahms,
1996). The Ti(Cr,Al)2 phase can be in equilibrium with various phases. Thus it could 
play an important role in alloy design.
The y-TiCr2 phase is classified as a Laves phase of the C14 structure. In the Ti-Al-Cr 
alloy system, Al atoms take a number of the lattice sites o f Cr, thus forming the 
Ti(Cr,Al)2 phase. Compounds o f this class have a stoichiometric composition AB2. The 
Laves phases crystallise in one o f the three closely related structures, which are 
isomoiphous with the compounds MgCu2, MgZn2 and MgNi2. The MgCu2 structure is 
cubic, and the MgZn2 and MgNi2 structures are hexagonal. The A and B components 
may be chosen from any group o f the Periodic Table, but in all cases the A component 
is larger than the B component. Thus these phases are essentially interpreted as 'size- 
factor' compounds and the ideal ratio o f atomic diameters dA : dB is approximately 1.2 : 
1, if atomic sizes are calculated on the basis o f AA and BB contact (Hume-Rotheiy et 
al, 1969). By arranging atoms as such, the closest packing in space is obtained. Within
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the three structure types, the C14 Ti(Cr,Al)2 is isomoiphous with MgZii2. A  unit cell of 
... y-TiCr2 is shown in figure 2.5. The solubility range of the Laves phase, a line 
compound, can be increased via alloying significantly.
The lattice parameters o f the Ti(Cr,Al)2 phase are dependent on the Al content. The Al 
atom mainly occupies the Cr lattice site, so that the Ti content o f the Ti(Cr,Al)2 phase 
is virtually constant. Jewett and Dahms (1996) have measured the effect o f Al 
substitution for Cr on the lattice parameters o f Ti(Cr,Al)2 using X-ray diffraction. Their 
results are summarised in figure 2.6. Within limits o f error o f various measurements, 
the c/a ratio for the C14 Ti(Cr,Al)2 phase between 6-33.5 at.% Al remains nearly 
constant, close to the ideal ratio of 1.633.
The Ti-Al-Cr alloy system was also noted to be not rapidly equilibrated. In particular, 
the Ti(Cr,Al)2 phase is veiy slow to form. Once formed, it greatly lengthens the 
diffusion time due to the very slow diffusion in and through the phase (Jewett and 
Dahms, 1995).
2.2.4 Alloys of the Ti-Al(-Cr) System Synthesised via Sputtering Deposition and 
Mechanical Alloying
There has been very limited research on sputter deposited Ti-Al alloys and no account 
on sputter deposited Ti-Al-Cr alloys. There has been some research o f  mechanically 
alloyed Ti-Al(-Cr) alloys. The latter can also be useful for the study o f phase evolution 
in the Ti-Al(-Cr) alloys. This research is summarised in this section.
Baneijee and his co-workers are among the earliest researchers, fyo;-. produce 
magnetron sputter deposited TiAl films. Baneijee et al (1996) used the magnetron 
sputtering technique and a y-TiAl target to produce Ti-48A1 and Ti-52A1 thin films on 
an oxidised silicon wafer. Both deposits were 1.6pm thick. The as-deposited alloy 
films consisted o f an amoiphous matrix with a small fraction o f embedded a particles.
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No y-TiAl phase was found. A Ti-48Al-2Nb-2Mn thin film, produced under the same 
processing scheme, was fully amorphous. Since aluminium and titanium pure metal 
thin films synthesised in the same way in the same magnetron sputtering chamber were 
crystalline (Ahuja et al, 1994), Baneijee et al (1996) then suggested that as the 
number o f elements contained in the alloy increases, so does the tendency for the films 
to be amorphous, and this could be because of the increased difficulty o f forming 
critical-sized nuclei.
Baneijee et al (2000) reproduced the Ti-48A1 alloy and studied in-situ phase evolution 
during heat-treatment from 573 to 873IC in transmission electron microscopy (TEM).. 
They reported that two parallel processes occurred above 753K. One was that existent 
a  grains continued to grow, resulting in a relatively coarse grained microstructure. The 
other process was the nucleation o f  y-TiAl (as they believed) in the amorphous matrix, 
which finally led to. a much refined microstructure consisting o f y + a2. However, there 
was lack o f sufficient evidence for the latter process, showing that y-TiAl precipitation 
was indeed prior to that o f cq. On the other hand, these results should be treated 
carefully, as they relate to crystallisation in thin films rather than bulk amorphous 
materials, since in these two cases different diffusion mechanisms (surface diffusion 
vs. bulk diffusion) would be governing phase transformation kinetics.
Padmaprabu et al (2000) used a direct current magnetron co-sputtering system to 
produce several TiAl thin films less than 1 pm thick. Dual targets (aluminium and 
titanium) were used. It was noted that the Al showed better deposition efficiency than 
Ti, and that the Al content increased with increasing substrate temperature. They 
reported that the crystalline TiAl thin films consisted of the y phase, and had a y<l 11> 
texture.
Alloys o f the Ti-Al and Ti-Al-Cr systems have been prepared by mechanical alloying, 
which is another non-equilibrium process. Much attention was given to metastable 
phase transformation and the amorphisation o f the alloys. Guo and his co-workers 
investigated mechanically alloyed Ti-20, 25, 50 and 60 at.%Al alloys (Guo et al 1991,
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1992, Martelli et al., 1992, Burgio et al, 1990). The formation o f an f.c.c. phase with a
— 0.42 nm in the Ti-20 and 25A1 alloys was reported. In the Ti-50A1 alloy, the h.c.p a
phase was formed after milling for 5 hours. Guo et al (1994) investigated the effect of
the size of balls used for mechanically alloying a Ti-60A1 alloy. They observed that an
-the
amoiphous phase was formed when the diameter o f balls was 5 or 8 mm; a mixture of
an amoiphous and f.c.c phases formed when 12 mm diameter^balls were used. Guo et 
al. suggested that the f.c.c phase was the disordered form of the face-centred-
tetragonal (f.c.t.) y-TiAl phase.
Suryanarayana et al (1992) studied phase evolution in the Ti-24 and 50 at.%Al alloys 
prepared by mechanically alloying pure Ti and Al powders. They reported that the 
phase evolution sequence for the Ti-24A1 alloy was: Ti(Al) solid solution - »  Ti(Al) + 
amoiphous + f.c.c phases —» f.c.c phase; for the Ti-50A1 alloy the phase evolution 
sequence was: Ti(Al) + Al -> amoiphous phase -> f.c.c phase. Suiyanarayana 
suggested that the f.c.c phase formed in mechanically alloyed TiAl alloys could be 
attributed to contamination and that the contaminant product was TiN (Suiyanarayana, 
1995).
2.2.5 Oxidation Behaviour of Alloys in the Ti-Al(-Cr) System
It is well known that the oxidation resistance o f y-TiAl based alloys deteriorates above 
1073K.^ considerable amount o f research has attempted to understand the oxidation 
behaviour of Ti-Al(-Cr) alloys. Such work is informative for the development of 
oxidation resistant coatings for the y-TiAl based alloys.
Oxygen solubility in binaiy and temaiy alloys o f the Ti-Al and Ti-Al-Cr systems has 
been studied using atom probe analysis (Menand et al, 1998, Kim et al, 1998, Nerac- 
Partaix et al, 1995, Nerac-Partaix and Menand, 1996, Huguet and Menand, 1994, Kad 
and Fraser, 1994). It has been reported that the oxygen atoms were preferentially 
located in the phase in a Ti-48A1 alloy with a two phase lamellar microstructure (see 
table 2.2). This result has been misinterpreted as showing a simple scavenging effect of
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the oc2 phase. In other words, the oxygen level in the y phase is supposed to decrease 
when the 0,2 volume fraction increases. The results o f Menand et al. (1998) showed 
that the oxygen concentration in the y matrix is the same for both single phase alloys 
and a2/y two-phase alloys. It is believed that the maximum solubility o f oxygen in y is 
not influenced by the addition o f a third element (Cr, Mn, Nb) (Nerac-Parraix and 
Menand, 1996).
Table 2.2 Oxygen concentration measured in the Ti-48A1 alloy using atom probe 
analysis (Menand et al., 1998).
y a2
Ti (at.%) 45-50 62.8 ±0.5
Al (at.%) 50-50 35.7 + 0.5
Oxygen 450-850 at.ppm* 1.6 + 0.1 at.%
* atomic part per million
One strategy for designing oxidation resistant materials is to design for A120 3 
formation. The A120 3 scale, with its extremely slow, parabolic growth, is protective at 
temperatures over 1473K. Unfortunately, a mixture o f titania and alumina forms during 
the oxidation of the y-TiAl based Ti-Al alloys in air. This .intermixed scale is generally 
protective only to about 1023K, because Ti02 has a much higher growth rate than 
A120 3 and the oxygen diffusivity in Ti02 is also higher (Brady et al, 1996).
Thermodynamic analysis o f the oxides o f titanium showed that the most stable oxide 
o f titanium, usually TiO (depending on temperatures), is nearly as stable as A120 3 on 
most y-TiAl based alloys. The activity o f Al in the Ti-Al system is believed to exhibit a 
large negative deviation from ideality (Hoch and Usell, 1971). The phase relationships 
in the Ti-Al-0 system were first studied in the early seventies in order to understand 
the kinetics o f reactions o f Ti and Ti alloys with A120 3. In the early nineties, new 
versions o f the Ti-Al-0 phase diagram were established. Figure 2.7a is the isothermal
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section o f the Ti-Al-O phase diagram at 1373K proposed by Li et al (1992), and is in 
agreement with a calculated phase diagram by Lee and Saunders (1997). It shows that 
AI2O3 is stable on the y and y + a2 alloys at 1373K. Thermodynamic calculations at 
1073K by Luthra (1991) and Rahmel and his co-workers (Rahmel and Spencer, 1991, 
Becker et al, 1992), however, indicate that TiO is stable on the binary Ti-Al alloys 
containing up to 50% Al (figure 2.7b). Li et al proposed that the discrepancy between 
the experimental observation and the calculated phase diagrams was due to the oxygen 
solubility in the metal phases (i.e. the a2 and y phases), which was neglected in the 
thermodynamic calculations o f Li et al (1992).
Significant progress has been made towards understanding the more fundamental 
aspects o f the oxidation behaviour of binary two phase y+ a2 Ti-Al alloys. Most o f the 
research concentrated on short term oxidation (<1000hr) at high temperatures 
(1173-1273K) (Zheng et al, 1995a, 1995b, Rakowski et al, 1995, Beye and Gronsky,
1994). It was reported that for a typical two phase a 2 + y Ti-Al alloy, a thin layer (1 
pm) o f alumina was formed on the alloy surface after exposure in Ar+20%02 at 
1173K. Beneath the scale an aluminium depleted layer consisting o f one phase was 
formed. This phase was named as the Z phase by Zheng et al. With increasing 
oxidation time, the alumina based scale was destroyed locally and nodules consisting 
o f a mixture o f Ti02 and A120 3 were being formed. Beneath the nodule the depleted 
layer consisted of two-phases. After longer time, the whole specimen became covered 
with a mixed titanium/alumina scale that was 20-30 pm thick. The two phases in the 
depleted layer were arranged in columnar form and protruded into the internal part of 
the two phase y + a 2 Ti-Al alloy. Similar behaviour was observed on alloys exposed in 
air.
Zheng et al (1995a, 1995b) believed that in the early stage of oxidation, when the 
oxide was mainly A120 3, the depletion layer consists o f only one phase, the Z phase. 
The continuous consumption o f Al on further exposure led to the formation of a2 in 
the depleted layer, in addition to the Z phase. Due to the high solubility o f oxygen in
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a,2, oxidation o f titanium occurred, which increased the scale growth rate and destroyed 
the alumina scale. This Z phase was related to a cubic lattice with a = 0.69 nm and was 
considered to be a TiAlO compound. Other TixAlyOz compounds have also been 
reported (Beye and Gronsky, 1996, Cheng et al, 1996, Dowling and Donlon, 1992, 
Menand et al , 1998). For example, Menand et al suggested that a metastable 
TixAlyOz compound based on f.c.c lattice could be present in a Ti-48A1 alloy, which 
was heat-treated at 1073K. There is still much uncertainty around the identity of the 
TiAlO compound.
Some researchers have reported that the oxidation behaviour o f the y-TiAl based alloys 
could be influenced by nitrogen (Rakowski et al, 1995, Meier et al, 1993). It has been 
proposed that after oxides formed upon initial reaction with air, the local gas 
composition shifted in the direction o f the arrow, as shown in figure 2.8. Continued 
oxygen depletion caused the gas composition to move into the region where TiN and 
AI2O3 were both stable phases. The presence o f the nitrides disrupted the continuity of 
the alumina and allowed the development of an oxide morphology with continuous 
paths o f Ti02, through which Ti, Al and O were all transported rapidly. The TiN was 
oxidised at essentially the same rate as Ti (Ichimura and Kawana, 1993) and the mixed 
scale was thus formed. This so-called 'nitrogen effect' is still a controversy in the 
oxidation o f Ti-Al alloys.
To improve the oxidation resistance o f y-TiAl based alloys, various attempts have been 
made to design ternary or quaternary alloys, with alloying elements such as Cr, Y, Nb, 
etc.. The initial interest in the Ti-Al-Cr alloys was raised by Perkins and Meier, as they 
discovered that the Ti-Al-Cr alloys containing a minimum of 8~10at.% Cr were 
continuous A120 3 scale formers (1073K -  1573K in air) (Perkins and Meier, 1989).
Various Ti-Al-Cr alloys have been studied in terms o f their oxidation behaviour. 
Alloys with lower Cr content (less than 5 at.%) had improved ductility, but could 
exhibit a degradation of oxidation resistance. For example, the 'single phase' y Ti-Al-Cr
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alloy (with composition Ti-52Al-5Cr) was reported to have poor oxidation resistance 
in air at 1273K (Brady et al, 1997a). After 100 hours exposure in air, the following 
phases were observed along the direction from the Ti-Al-Cr surface to the bulk of the 
alloy: titania mixed with discrete alumina particles -> mixed alumina and titania 
subscale -> nitride region -+ Al-enriched region (Ti-65A1-1 lCr).
However, the Ti-48Al-5Cr alloy studied by Zheng et al showed good oxidation 
resistance in an Ar + 20% 0 2 atmosphere (Zheng et al, 1995b). The discrepancy 
between these two experiments might be related to the nitrogen effect. The experiment, 
however by Zheng et al, was not carried out in air for comparison.
Brady et al (1997a) studied a diffusion couple consisting of the alloy Ti-35Al-16Cr, 
containing [3 (the major phase) + y, and AI2O3 as diffusion couple at 1273K. The aim 
o f the experiment was to examine the stability o f AI2O3 on the alloy. An extensive 
reaction zone was observed, which indicated a high A120 3 dissolution into the alloy.
The research done on alloys of the Ti-Al-Cr system suggests that the Ti-Al-Cr alloys 
belonging in the y + Laves or t + Laves phase fields demonstrate good oxidation 
resistance, as they are the continuous A120 3 scale formers (Brady et al, 1995, 1997a, 
1997b, Berztissl995).
In order to study the oxidation resistance o f the C14 Laves phase Ti(Cr,Al)2, Brady et 
al (1997b) studied the Ti-42Al-27Cr and Ti-37Al-29Cr alloys, mainly containing the 
Laves phase, with a small volume fraction o f a second phase, either y or x. The results 
indicated a mixed picture in terms o f oxidation resistance for the Ti(Cr,Al)2 based 
alloy. They suggested that only the alloy with the higher Al content could form a 
protective alumina scale.
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2.2.6 Microhardness of the Ti-Al-Cr Compounds
Although the evaluation o f the mechanical properties o f coatings is beyond the scope 
o f this work, some survey o f those properties can be helpful in coating design. 
Coatings need to be ductile so that they can resist cracking under stress. Ideally, their 
thermal-expansion coefficient should be close to that o f the substrate, if the coating is 
expected to experience thermal shocks. In many cases, hardness had been used to 
assess the ductility o f coatings. In general, loads required to cause cracking are 
inversely proportional to the hardness of coatings. Therefore, those coatings with the 
lowest hardness value exhibit the greatest resistance to cracking.
Table 2.3 summarised the results obtained by Klansky et al. (1994). The data show that 
the x and y phases exhibit the greatest resistance to cracking, whereas the highest 
hardness values were found for the Ti(Cr,Al)2 Laves phase and the AlCr2 phase.
Table 2.3 Hardness o f phases present in TiAl and Ti-Al-Cr alloys, which were 
heat-treated at 1473K (Klanskyl994),
phase structure Composition of the Phase 
(at.%)
Hardness (DPH*)
7 L l0 Al-45Ti 220 ± 7
Al2Ti Ga2Hf, tI24 Al-35Ti 336 + 33
Al3Ti D022 Al-25Ti 362 + 40
AlCr2 C llb Al-68Cr 496 ±23
Al 170*9 Al-40Cr 695 + 38
T L l2 Al-25Ti-8Cr 151 ± 2
Ti(Cr,Al)2 C14 Al-32Ti-28Cr 526 ± 46
* Diamond pyramid hardness
Brady and co-workers have also studied the microhardness o f several phases of the Ti- 
Al-Cr alloy system. The study o f the microhardness o f the Ti(Cr,Al)2 Laves phase used 
a load o f lOOg. After heat treatment at 1073K and 1273K for 100 hours, microcracks
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were observed to emanate from the microhardness indentations. The formation of 
microcracks under such a small load is indicative o f extreme brittleness. The x phase 
was relatively ductile, but decomposition o f the x phase to Al2Ti and AlCr2 after 
exposure at 1073K resulted in a 160% increase in the Vickers hardness (Brady et al.,
1995). In general, the cracking resistance o f multiphase Ti-Al-Cr alloys appeared to 
benefit from the presence of the less hard phases. In addition, in the alloys containing 
the y phase, it was obseived that the cracking resistance of the alloys deteriorated with 
decreasing volume fraction o f the y phase (Bradyl995).
2.3 Phase Transformations
2.3.1 Thermodynamic Aspects in Phase Transformations
A reduction of Gibbs free energy in a system is the driving force o f phase 
transformation. It has long been known that during non-equilibrium solidification, the 
new-bom phase may fall inside a wide composition range, and may even precipitate 
from the mother phase with little compositional change. There have been many 
discussions regarding the change of Gibbs free energy during non-equilibrium phase- 
transformation.
In 1960 Hillert constructed a model describing the possibility o f a partitionless phase 
transformation for the martensitec transformation (Hillert, 1960), using a free energy 
dissipation approach. From the Gibbs free energy aspect, this model can be graphically 
illustrated by figure 2.9. In this case, his model assumes that there are two independent 
processes involved. If a a  phase is to form from the y phase, the first process 
transforms the lattice from y to a  and would be itself diffusionless. It may be regarded 
as a co-operative process by which the grain interface migrates and the energy 
reduction is necessary for overcoming the friction of the interface. This energy is 
represented by Dm or AGm in figure 2.9, where xby/“ represents the composition in the y 
phase at the interface. Then the other process would allow the diffusion across the
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grain interface so that the composition o f the a phase would move towards xBa. Solute 
atoms will pile up in front o f the advancing interface and form a thin spike (Karlyn et 
al., 1969, Hillert, 1970, 1999). The free energy dissipated in this process is represented 
by AG1. The total free energy change, D jntChem = AGm + AG1, is thus the driving force for 
the process inside the interface, if no energy is “wasted” on side-reactions. In this 
model, the composition o f the child phase, a, may vary from xBa to xBamax, where 
xB“max is obtained from the intersection point o f the tangent o f the y free energy curve 
at x / a and the free energy curve o f the a phase. The situation in which the a composition 
-in greater than xBa corresponds to the phenomenon of ‘solute trapping’ .
On the other hand, there are certain cases where the build-up o f a solute spike in front 
o f the advancing interface during the massive phase transformation is not allowed due 
to lack o f diffusion. It has thus been proposed that the point where the two phases have 
the same free energy should be the natural limit o f the massive transformation in the 
phase diagram (Massalski, 1970, Massalski, 1984, Perepezko, 1984, Menon, 1988).
2.3.2 Kinetic Aspects in Phase Transformations
A large amount of work on the nucleation theory has been aimed at understanding 
phenomena such as crystallisation o f a liquid, condensation o f a supersaturated vapour,
devitrification o f glasses and orientational ordering in molecular crystals. Much 
experimental and theoretical study led to the formation of the classical nucleation 
theory, starting with the pioneering work o f Volmer and Weber (1926). The steady- 
state nucleation theoiy assumes that clusters evolve slowly in size by a series of 
bimolecular reactions, i.e.
C. K (2.2)
En-1 +£)<=> En and En + E { ^ En+1
k/t £«+i
Here En represents a cluster o f n molecules, k] is the rate o f a monomer addition to a 
cluster o f size n and /c“ is the rate of loss. The time-dependent cluster density, Nn, is
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determined by solving a system o f coupled differential equations o f the following 
form (Kelton et al., 1983) v js be*
dN (2.3)
= AL, A+-, - [Ar„A7+N„X ]+AKA'-ndt
The time dependent nucleation rate is therefore expressed as
L,=Ar„,,ir : - N „ uk~  ^ (2.4)
Long before the numerical calculation could be practically carried out, plenty o f work 
was devoted to the analytical solution of equation 2.4. Based on the continuum 
approximation, the analytical treatments of transient nucleation led equation 2.3 
into the partial differential equation, the so-called Zeldovich-Frenkel equation:
sj ^ . ± k k ± (^  <“ >
dt dn 8 8 dn N'n
Here Nne(= NA exp[-AG„ / kBT]) is the equilibrium cluster size distribution per mole, 
and Na is Avog^ro’s number o f atoms.
The most thorough treatment o f the above equation \a>®§ .one by Kashchiev (1969). 
This treatment was largely based on mathematical transformations o f equation 2.5 and 
he avoided making assumptions about the physics o f the process. He derived the 
analytical expression for transient nucleation rate, which is:
where rk is the time lag. Analysing the result obtained from this solution, he 
introduced the term, transition time t,r (often called transient time or incubation time), 
which is the time required for nucleation rate to reach 99% o f its steady state value. It 
can be expressed as follows:
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_ __________ 4kT_______  (2.7)
t,r "  Dk[d2AG(x)/dx2]x=xk
Here Dk is the probability per unit time of an atom joining a cluster and xk is the size of 
a critical nucleus. According to Kashchiev, the time lag t k should be of the same order 
as the transient time, with the transient time being approximately five times the time 
lag. The transient time for nucleation provides a useful time scale for comparing 
interdiffusion and nucleation processes (Thompson, 1992).
There are other treatments, which led to different formulations o f the transient 
nucleation rate, /„%  For example, the well known treatment by Wakeshima (1954) 
gives
In. t = I s [1 -  expH  / r j ]  (2.8)
Here the time lag is marked with the- subscript w to distiguish it from that in 
Kashchiev’s solution.
Numerical solution for ' > equation 2.5 has shown good agreement with the analytical 
calculations (Kelton, 1983). The results showed that the population o f clusters o f a 
given size would increase with time monotonically until a steady state is reached. The 
nucleation rate InJ would also increase with time, and for different cluster sizes it 
would converge to the steady state. For smaller clusters, the nucleation rate increases 
with time, then experienceSa maximum, before reducing to the value o f the steady state.
This monomer nucleation model, which assumes that a cluster grows or shrinks by one 
atom at a time, was then extended into the binary system, and the atom added or 
detached can be either o f the elements in the alloy (Reiss, 1950, Temkin and Shevelev, 
1984, Joseph, 1974), The work on binary and multicomponent systems has 
concentrated on mathematical modelling.
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2 .4  The Metallic Amorphous Phases
2.4.1 Obtaining Metallic Amorphous Phases
The amorphous metallic phase is a metastable phase often formed during non­
equilibrium processing, e.g. rapid solidification o f liquids and vapour deposition. 
/WvOr.morphous metallic material (sometimes calledametallic glass ) MS the 
structurally relaxed metastable state o f an alloy which exhibits no long-range order 
(Bormann and Zoltzer, 1992). Research on amoiphous alloys has gained much 
attention in materials science both from a technical point o f view as well as in basic 
research of phase transformation.
One of the earliest attempts o f producing a metallic glass was to force a small volume 
o f liquid alloy to impinge very rapidly onto a highly conducting substrate (Duwez et 
ah, 1960). Au-Si alloys (Klement et al., 1960) and Ni alloys (Davies et ah, 1973) were 
among the first metallic glasses studied. A variety of techniques were employed later 
for the preparation o f amorphous metallic materials. These methods include annealing 
thin layered composites (Schwarz and Johnson, 1983, Johnson, 1986) or a 
supersaturated solid solution (Schluter et al., 1988, Blatter and Allmn, 1985), 
mechanical milling of elemental powder mixtures (Koch et ah, 1983) or intermetallic 
compounds (Schwarz and Johnson, 1983), co-sputtering o f the elemental components 
(Bormann et a l , 1988) and ion implantation (Grant et al, 1978).
2.4.2 Short-Range Structure in Amorphous Metallic Alloys
The amoiphous state o f an alloy is not a unique state, but contains a considerable and 
continuous variation o f its microscopic state (Egami, 1983). Such a microscopic state 
is described by the atomic short range order. This is because a completely random 
mixture is not attained, so that the chemical composition around the atoms o f each 
alloying component is different from the average. The system then is said to have 
chemical short-range order. This atomic ordering within an amorphous alloy could thus
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lead to a property varying from one run of production to “"another, or from one portion 
o f the material to another. While many properties depend on chemical short-range 
order, they also depend on the details o f the geometry of the structure itself, or the 
degree o f randomness of the structure. This is a more subtle kind o f short range order, 
called geometrical short-range order (Egami, 1983).
There have been various attempts to model structures of the amorphous alloys. One of 
the earliest is the hard-sphere model, which assumes that all atoms are close packed 
following a true random manner (Bernal, 1960). With the understanding of the short- 
range ordering in amoiphous materials, other models were built to simulate the ‘real’ 
amoiphous alloy structures. One main approach is to build a network by joining 
trigonal prismatic units, which are first built to satisfy the requirement o f chemical 
ordering (Gaskell, 1979). Later experimental results showed that many such units do 
indeed remain in amoiphous alloys (Gellatly, 1982). This model put the emphasis on 
chemical ordering at the expense of packing constrains. Other methods were developed 
to include the packing constrains, e.g. by starting from a single-component system, 
then feeding in the chemical ordering information (Finney, 1983). All these models 
still have their own problems, mainly in terms o f constructing a non-crystalline 
assembly that is consistent with both local chemical ordering and the overall packing 
constraints.
2.4.3 Amorphisation and Devitrification
There has been considerable research on amorphisation and the stability o f amoiphous 
metallic phases. In accordance with the kinetic view o f glass formation, it is likely that 
amorphous phase formation could always be obtained in alloys, given a sufficiently 
high cooling rate and cooling to a temperature that is sufficiently low to avoid 
spontaneous crystallisation. The situation for pure metals and very dilute alloys is less 
clear.
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The early theories pointed out that the amoiphous alloy forming tendency can be 
roughly considered as being proportional to the heat o f vaporisation Hv and inversely 
proportional to the melting temperature Tm (Cohen and Turnbull, 1961). It was also 
suggested that the formation tendency and stability o f amoiphous metallic phases 
should be considered separately in order to understand their behaviour clearly, i.e. 
amoiphous phase formation is closely related to the processing scheme whereas the 
stability is strongly determined by thermodynamic properties (Davies et al., 1974, 
Chen, 1976).
For condensation processes such as vapour deposition and sputtering, the ranges of 
alloy systems and compositions over which amorphous alloys are formed are wider 
than for liquid quenching (often of the order to 106 to 109 K/s), as the effective cooling 
rate is much higher. Indeed, vapour deposition gives an effective quenching rate of the 
order o f 1013 K/s. In the case o f vapour deposition, deposition rate and substrate 
temperature must also be controlled to avoid crystallisation.
Apart from cooling rate, there are other factors influencing the amoiphous alloy 
formation ability. For instance, it has been reported that the minimum cooling rate 
required to form an amoiphous metallic phase of a given thickness could be sensitive 
to alloy compositions (Chen and Park, 1973, Lewis and Davies, 1976). Eckler et al. 
suggested that me .tastable phases could be formed, if they have lower solid-liquid 
interface energy (Eckler et al., 1997).
A Considerable volume of research has also been attempted to understand the
diffwtctfan
mechanism o f devitrification. Common techniques include X-ray^ electron 
microscopy and thermal analysis such as DSC (Differential Scanning Calorimetry). 
The devitrification process of an amorphous alloy when heated can be described as 
consisting o f three steps: glass transition, supercooled liquid state and crystallisation 
(Inoue et ah, 1990, Inoue, 1998). This is shown in figure 2.10 (Zhou and Sommer, 
1999), where Tg and Tc represent the glass transition and crystallisation temperatures, 
and the section in between represents the state of supercooled liquid.
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A  two-stage glass transition has also been observed in some alloys, e.g. in the 
quaternary Zigo-xYxAl 15^25 amorphous alloys. The DSC curves obtained at 0.67 K/s 
showed two glass transitions and supercooled liquid regions before the completion of 
crystallisation (Inoue, 1998). In these particular alloys, it is believed that the first-stage 
reactions o f glass transition and crystallisation result from the Y-rich Y-Al-Ni 
amoiphous phase, and the second-stage reactions are due to the Zr-rich Zr-Al-Ni 
amorphous phase. It was proposed that the mutual insolubility o f Zr and Y elements 
has led to the split o f the glass transition and crystallisation reactions into two stages.
2.4.4 The Glass Transition Temperature
The glass transition temperature Tg is an important parameter. Tg/Tm, where Tm is the 
melting point, is often used as a relative measure o f the thermal stability o f glass 
phases. The Tg may be a function of the quenching rate during formation of the glass 
and o f the heating rate during subsequent calorimetric test (Davies, 1976). The fact that 
Tg cannot be uniquely determined is because o f the problem o f deciding where on a 
given thermal analysis Tg should be defined: either at the onset, or the turning point or 
the maximum value of the DSC trace (Sinning and Haessner, 1988). Meanwhile, there 
is a lack o f agreement as to which technique should be used. The Tg has been reported 
to relate to the thermal history o f a sample and to the heating rate in thermal analysis, 
yielding a range o f Tg values even for the same material (Owen, 1985, Shi, 1994). 
Cooling rate was also found to closely influence glass transition temperature: 
Ramachandrarao (1978) used various quenching rates for a Pd-6.0Cu-16.5Si glass. 
Increasing the quenching rate from 103 to 108K/s caused Tg to increase by more than 
5OK. Contamination o f samples (by oxygen or hydrogen) may also result in different 
experimental values for Tg (Jiang and Baram, 1996).
Experimentally, Tg is often determined by DSC analysis, which measures the heat o f 
reaction and transition quantitatively. The convention for determining the glass 
transition temperature is to extend the straight line portion o f the base line and the
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linear portion o f the endothermic slope, marking their intersection (Speyer, 1994). To 
obtain good signal-to-noise ratios the sample mass needed for the experiment varies, 
depending on the sensitivity o f the instrument and the nature of the reaction, and can 
be from less than 1 to 20 mg. For thin-films, a free-standing sample is often required to 
further enhance the signal-to-noise ratio, so is a reasonably higher heating rate 
(Michaelsen et al., 1997). Electrical resistivity measurements have also been used as a 
sensitive probe o f crystallisation processes in amorphous metallic alloys (Pekala et al,
A great amount o f research has been done to determine Tg in various glass forming 
systems to establish empirical relationships between Tg and Tm. Boyer proposed a 
simple linear ("Beaman - Boyer") relationship between the amorphisation and melting 
temperatures (Boyer, 1976),
Another proposed formulation for binary alloys is based on the melting points o f the 
two components as follows (Rivlin and Baram, 1994):
where F  is an estimated factor (Calm, 1992, Tanner, 1979). It has been reported that 
this method has relatively low accuracy (Jiang and Baram, 1996).
In equation 2.9, the value o f k for pure metals is constrained to be around 0.25, while 
for glass-forming alloys it is often within the range 0.5 < k < 0.8 (Takayama, 1976, 
Uhlmann and Yinnon, 1983, Polk and Giessen, 1978, Chen and Jackson, 1978, Hafner, 
1983, Battezzati, 1987). Jiang and Baram (1996) collected ninety measurements o f Tg 
for binary, ternary and some quaternary systems, mostly metallic alloys, and 
generalised the correlation for the amorphisation and melting temperature using the 
Beaman-Boyer relationship:
1992).
Tg = k Tm (2.9)
Tg =Fx[0.25(1 -  x)Tm (A) + xTm ( (2.10)
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(2.11a)
Tg =(0.56 + 0.05)Tm
for metallic glasses
Tg = (0.65 + 0.03)7; (2.11b)
for non-metallic glasses
2.4.5 Thermodynamics of Amorphous Alloy Formation
Understanding the thermodynamics o f amoiphous phase formation is o f great 
importance for the purpose of fabricating promising new materials or for avoiding the 
formation of unwanted amoiphous phases. There have been a few attempts to model 
the thermodynamics of amorphous phases. For instance Golczewski et al. (1998) 
modelled the amoiphous silicates. They assumed the heat capacity o f an amorphous 
phase to be equal to the heat capacity of the crystalline phase at temperatures lower 
than Ts, while equal to that o f the liquid at temperatures higher than Tg. This is 
illustrated in figure 2.11. The evaluation o f the model parameters o f a given system 
depends on the thermodynamic properties, e.g. the enthalpy change, AHV, which is 
given as AHV = Hamorphous(298K) -  Hcrystalline(298K). Therefore, being able to 
experimentally measure these properties, including those o f the amoiphous phase, is a 
prerequisite to analysmfja given system.
Recently, a model was proposed by Shao to estimate the thermodynamic properties of 
amorphous metallic phases (Shao, 2000a). The model was inspired by the long noticed 
phenomenon that changes in extensive thermodynamic properties (e.g., volume V, 
entropy S, enthalpy H and Gibbs energy G) are continuous during the glass transition 
(Liquid -+ Amorphous), while quantities such as heat capacity and thermal expansion 
coefficient change abruptly at the glass transition temperature Tg (Elliott, 1990). Such 
thermodynamic behaviour is typical o f a second order phase transformation (Elliott, 
1990, Saunders and Miodownik, 1998).
In Shao5 s approach, the modelling o f the high temperature liquid phase is based on the 
Redlich-Kister-Muggianu model, which is a popular formalism in the CALPHAD
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method for modelling solution phases (Saunders and Miodownik, 1998, Muggianu et 
al, 1975). For a multi-component solution phase, the Gibbs energy is presented as:
G = y + G ,  + R T'gx, Inx, + G“  (2-12)
i i
where x. is the molar fraction o f element i, Gi is the Gibbs energy of element i, R is the 
gas constant and T is temperature. The extra energy of mixing Gav is described via the 
interaction parameter LfJ as:
G“ = X 2 > , £ z " ( * , - , , y  (2.13)
i j>i  V
In order to model the glass transition (L —> Am) as a second order transformation, the 
Gibbs energy o f the amorphous solid needs to be formalised in such a way that the 
change in entropy (AS1' ^ ”1) and free energy (AGL~*Am) become zero above the glass 
transition temperature Tg. Below Tgi, ASL~>Am approaches the maximum entropy change 
and AGL~>Am approaches AHmax at T — 0. There is still lack of fundamental 
understanding for the thermodynamic behaviour o f the amorphous structure at a 
temperature near Tg and an accurate formalism for the Gibbs energy o f the amoiphous 
phase around Tg is impossible at the moment. Fortunately, for most practical problems 
with material processing, the accuracy around Tg is not important, as it is the region far 
below Tg that is relevant to the maximum stability o f the amorphous phase.
To model the glass transition as a second order phase transformation, a formalism 
(Shao, 2000a, Liu, 2001), based on the phenomenological model for magnetism 
(Hillert and Jarl, 1978), is used, as shown in equation 2.14. It enables the Gibbs energy 
o f the amoiphous solid to be derived using data for the high temperature liquid phase 
and the ground state stable phase.
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AGl-*a'" =-RT\n(l + a )f{T ) (2.14)
where f ( r )  is a series expansion o f t = T/Tg> expressed as:
f i t )  = 1 -  9.916728 x 1 (T1 t~l -1.11737779x 1 O'1 r 3 -  4.9612349 x 10“ V
-1.11737779 x H T V 5 
for t < 1
f ( T) ~ -1.05443689x 10_1t“5 -3 .34741816xl<rV 15 -  7.02957924 x 1 (T V 5 
for t > 1.
where Q'fi are the temperature interaction parameters.
The constant a is a factor due to the amorphization stabilisation o f the liquid phase via 
glass transition. For a binaiy i-j alloy it is expressed as
where A';/ are the stabilization interaction parameters.
The maximum change in entropy and free energy due to amoiphous phase formation 
are therefore
... (2.15)
For a binaiy i-j alloy,
(2.16)
a -  xta ‘ +XjaJ +x,Xj[Alf  +A ,{J\xi - X j )  + A'’7 (v. - x 7)2] (2.17)
AS max = - R  ln(l + a) (2.18)
AHmax =-R Tg \n(l + a) (2.19)
The maximum entropy due to glass transition approaches the entropy of fusion o f the 
ground state crystalline phase ASL~*c (Hillert and Jarl, 1978, Bomian and Zoltzer ,
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1992). The glass transition temperature is often taken as Tg = 0.257],, (Tm is the melting
temperature) for pure metals (Turbull, 1950, Shao and Tsakiropoulos, 1994, Thompson 
and Spaepen, 1983, Jiang and Baram, 1996). For the glass forming metallic alloys, 
experimental observation has led to the following approximation: Tg = kTm,
0.5 < k < 0.8 (Jiang and Baram, 1996, Lu et al 2000), see also section 2.4.2
In Shao’s amorphous transition model, it is assumed that the entropy o f the amoiphous 
phase approaches that o f the ground state crystalline structure as the temperature 
decreases below Tg and the lowest entropy o f the amoiphous phases cannot be lower 
than that o f the ground state crystalline phase (Shao, 2000a). With this model, once the 
equilibrium phases in an alloy system have been assessed, the thermodynamic 
background for glass formation is therefore predictable. This model would be very 
useful during thermodynamic assessment when there is lack o f experimental data for 
the amoiphous phase. Shao used pure Zr as the starting point (see figure 2.12), and 
extended to binary systems such as Ni-Zr, Cu-Zr, Pd-Si, Co-Si and Fe-B. He has 
showed very good agreement between such estimations and experimental data. In this 
thesis, Shao’s method was applied to the binary Ti-Al and the ternary Ti-Al-Cr system 
for phase stability studies.
2.5 Surface Coatings for High-temperature Alloys
2.5.1 Chemical Vapour Deposition
Chemical vapour deposition (CVD) is achieved by exposing the heated substrate to a 
source of vapour species capable of interaction with the substrate surface to achieve the 
desired composition change. The gaseous species are earned over the surface by the 
flow of an inert earner gas, usually argon. If the substrate is not reactive, the 
component gases are mixed at a relatively low temperature, and then brought via 
manifolds to the hot substrate suspended in the gas phase, where a number o f different 
reactions may occur, such as displacement reaction with the substrate, hydrogen
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reduction, or thermal decomposition. Chromizing and aluminizing steels are two 
typical CVD processes (Mattox, 1998).
One significant advantage that CVD processes /. . is that the interior o f hollow parts, 
e.g., turbine blades and cooling holes, can also be coated. The deposition processes 
may not require expensive and cumbersome vacuum equipment. However, CVD 
porcesses are generally batch processes which are considered to be somewhat limited 
in their ability to effect a variety of compositional changes. Meanwhile, the control of 
waste gases can be troublesome and present expensive environmental problems.
2.5.2 Physical Vapour Deposition
Physical vapour deposition (PVD) processes are atomistic deposition processes in 
which material is vaporised from a solid or liquid source in the form o f atoms or 
molecules, transported in the form o f a vapour through a vacuum or low pressure 
plasma to the substrate where it condenses (Mattox, 1998). PVD processes can be used 
to deposit films o f elements and alloys as well as compounds using reactive deposition 
processes.
PVD mainly encompasses three principal vacuum techniques for the deposition of 
atoms/ions: evaporation, sputtering and ion plating. Vacuum evaporation is a PVD 
process in which materials from a thermal vaporisation source reach the substrate with 
little collision with gas molecules. The thermal vaporisation rate can be very high 
compared to other vaporisation methods. Ion plating uses bombardment o f the atomic­
sized energetic particles to modify the properties o f the depositing films (Mattox, 
1998). The depositing material may be vaporised either by evaporation, sputtering or 
decomposition of a chemical vapour precursor. Ions of inert or reactive gas are usually 
used for bombardment.
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Sputter deposition is tlie process which uses the physical sputtering process to vaporise 
a target material and deposit the vaporised particles on a substrate. The physical 
sputtering is a non-thermal vaporisation process where surface atoms are physically 
ejected from a solid surface by an atomic-sized energetic bombarding particle, which is 
usually a gaseous ion accelerated from a plasma (Mattox, 1998).
The sputtering methods are often categorised into planar diode, triode and magnetron 
sputtering. Magnetron sputtering is perhaps the most widely investigated amongst 
sputter deposition methods since the application of refractory and high temperature 
wear resistant materials deposition found increasing industrial use. In each sputtering 
method, an anode (filament) is needed to produce electrons which ionise the working 
gas, e.g. Ai'. A sputtering process, in general, is a momentum transfer process in which 
a fast particle, e.g. Ar+, ejects an atom from a cathodic surface. 75% o f the transferred 
energy causes target (cathode) heating and the rest o f that energy is transferred into the 
dynamic energy o f atoms ejected from the target material. The substrate is placed near 
the cathode so that the sputtered atoms will coat it. In magnetron sputtering, electric 
and magnetic fields cause the filament’s electrons to follow long non-linear paths 
giving many more which ionise more Ar.
Compared with evaporation, sputtering is slower, but is justified if a substrate will not 
tolerate much heating. Generally, sputtered films have a compressive stress whereas 
evaporative deposited films have a tensile stress (Hocking, 1989). The inert gas 
discharging magnetron sputtering process is similar to the system used in ion plating, 
but in the latter the substrate is the cathode. The major advantage of PVD processes is 
that they allow extreme versatility in composition o f the deposit (virtually any metal, 
alloy, refractory or intermetallic compound, some polymeric type materials, and their 
mixtures can be easily deposited), compared to competitive processes such as 
electrodeposition, CVD and plasma spray. Other advantages are the possibility to vary 
the substrate temperature within veiy wide limits, from sub-zero to high temperatures,
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high purity o f the deposits and excellent surface finish, which can be equal to that of 
the substrate.
2.5.3 Thermal Spray Processing
In these deposition processes, molten or solid particles are ejected from high-energy 
guns to impact on the substrate. Depending on the source of energy supplied to the 
guns, the processes are classified as plasma spraying, flame spraying and detonation 
spraying. The microstructure, properties and adherence o f the resulting coating are 
dependent on solidification or sintering of the particles. The spraying particles are 
obtained by melting the powders o f the desired composition in the spray cone. They are 
driven to the substrate by the flowing gas stream, usually argon. The substrate can be 
preheated to improve the coating bond and to minimise the thermal shock upon 
cooling.
Being a line-of-sight process, thermal spraying is limited to the coatings o f simple 
shapes. In the absence o f ideal control o f processing parameters, thermal spray 
processes can suffer from porosity and unmelted particle inclusions.
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(a) (b) (c)
Figure 2.1 Basic types o f phase diagrams for titanium alloys: (a) a-stabilising, (b) 
P-isomorphous type and (c) p-eutectic type. The dotted phase boundaries in (a) refer 
specifically to the Ti-Al system. The dotted lines in (b) and (c) are the martensite start 
(Ms) temperatures (Polmear, 1995).
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Figure 2.2 The Ti-Al phase diagram (Massalski, 1990).
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Figure 2.3 Isothermal section o f the Ti-Al-Cr system at 1273K (Shao and 
Tsakiropoulos, 1999b); the broken lines are tentative.
Figure 2.4 Isothermal section o f the Ti-Al-Cr system at 1073K (Shao and 
Tsakiropoulos, 2000c); the broken lines are tentative.
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Figure 2.5 A unit cell o f the y-TiCr2 phase. The bright spheres are the Ti atoms and 
the dark spheres areCr atoms.
Figure 2.6 Lattice parameters versus Al composition for the Ti(Cr,Al)2. The results 
were obtained from the Ti-Al-Cr samples annealed at 1273K and quenched (Jewett and 
Dahms, 1996).
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(a) (b)
Figure 2.7 (a) Isothermal section o f the Ti-Al-0 phase diagram experimentally
determined at 1373K (Li et al., 1992); (b) a schematic partial Ti-Al-O phase diagram 
obtained from thermodynamic calculations (Rahmel and Spencer, 1991).
Log p02
Figure 2.8 Superposed isothermal stability diagrams for the Ti-N-O and Al-N-0 
systems at 1173K (Meier et al, 1993).
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Figure 2.9 Molar Gibbs energy diagram for the y (parent) a  (child) 
transformation in a binary with a substitutional alloy element (Hillert, 1999).
T/K
Figure 2.10 DSC curve for the amorphous AhsCuioLassNito alloy at a heating rate 
o f 0.67 K/s. Tg and Tc represent the glass transition and crystallisation temperatures 
respectively (Zhou and Sommer, 1999).
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TE M PE R A T U R E
Figure 2.11 Schematic plot o f the change o f enthalpy o f crystalline, liquid and 
amorphous silicates (Golczewski, 1998).
(a) (b)
Figure 2.12 The changes o f (a) Gibbs free energy and (b) entropy for competing 
phases in pure Zr. Those o f the amorphous phase were obtained using the model by 
Shao (Shao, 2000a).
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C h ap ter 3 
E xperim enta l W o rk
3.1 Introduction
This chapter gives the experimental procedure for the work described in this thesis. 
First, alloy selection is outlined. Then details about the sputter deposition process, the 
heat treatment procedures and the techniques used to study the morphology and 
micro structural evolution in the deposits are given.
3 .2  Alloy Selection
Three ternary Ti-Al-Cr alloys were chosen as coatings in this research, namely Ti- 
50Al-10Cr, Ti-53Al-15Cr and Ti-50Al-20Cr (at.%). The key to the selection o f  these 
alloys was the Laves phase Ti(Cr,Al)2. As discussed in the previous chapter, dh^Cr to
Athe Ti-Al alloys could lead to the formation o f a protective oxide scale at elevated 
temperatures (Perkins and Meier, 1989, Brady et a l , 1995, 1997a, 1997b). Studies o f 
the oxidation behaviour o f  Ti-Al-Cr alloys indicated that alloys containing the ;
Laves
Ti(Cr,Al)2^ \ phase exhibit good oxidation resistance at elevated temperatures. 
Multiphase alloys containing the Laves phase exhibit reasonable ductility, which 
includes alloys containing the y and t phases (see section 2.2.5).
Therefore, this research has concentrated on alloys where the Laves phase co-exists 
with the y or x phases. Based on the proposed isothermal phase diagram o f the Ti-Al- 
Cr system at 1273K (see figure 2.3), the three alloys mentioned above were chosen. 
The phases present in the microstructures o f these alloys at equilibrium are 
summarised below:
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A. Ti-50Al-10Cr — y + Laves [Ti(Cr,Al)2]
B. Ti-53Al-15Cr - -  y + t + Laves [Ti(Cr,Al)2]
C. Ti-50Al-20Cr — t + Laves [Ti(Cr,Al)2]
The binary Ti-Al alloy with Al content o f 48at.% has also been studied in this thesis. 
It was decided to study the Ti-Al alloy without Cr addition once it was discovered that 
amorphous Ti-Al-Cr coatings could be produced. This study o f  the Ti-Al coatings 
aimed to understand the devitrification behaviour and the micro structural evolution. 
This study also formed the foundation for understanding the interplay between 
thermodynamics and kinetics in the devitrification o f both the Ti-Al and Ti-Al-Cr 
systems. Devitrification was studied using X-ray diffraction and electron microscopy.
3 .3  Magnetron Sputter D eposition Processing
Magnetron sputter deposition is the most widely investigated method amongst the
sputter deposition methods, due to its increasing use for the deposition o f  refractory
and high temperature wear resistant materials. During the sputtering process, a
filament (anode) is needed to produce electrons, which ionise the working gas
(Hocking, 1989). In this work, Ar was chosen as the carrier gas. The electric and
magnetic fields cause the filament’s electrons to follow long non-linear paths giving
many more collisions and ionising more Ar. Figure 3.1 shows the motion o f  electrons 
. Ct . . . + .myystatic magnetic and electric field. The Ar ions are also accelerated in the electric 
and magnetric field rapidly, and can eject atoms from the cathode -  the target 
material(s) by momentum transfer. Usually 75% o f the transferred energy causes 
heating o f  the target. The rest o f  the energy is transferred into the dynamic energy o f 
the ejected atoms. The substrate is placed near the cathode, so that the sputtered atoms 
can coat it. The cathode can be multiple targets, each made o f  a single element, to 
perform co-deposition. It can also be a single target alloy o f  the desired composition.
In this study the chosen coating alloys were produced by magnetron sputter deposition 
using single target materials, which were cast from pure metals into ingots o f the same
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nominal composition as given in section 3.2. The sputter deposition was done in the 
State Key Laboratory for Corrosion and Protection, Institute o f  Corrosion and 
Protection o f  Metals, Academia Sinica, Shenyang, China.
The Ti-50A1 substrate was also cast using pure metals. The TiAl ingot was then cut 
into 20x10x3 mm3 Week >, ground down using 600# SiC paper, peened and 
ultrasonically cleaned in ethanol prior to deposition. Peening was done to improve the 
adhesion o f the deposit on the TiAl substrate. All ‘bbci^ . were pierced in order to 
hang them in the chamber. They were rotated during the deposition process 
continuously to achieve a deposit o f uniform thickness.
Table 3.1 lists the sputtering process parameters used in this work. The substrate 
temperature during deposition was estimated to be between 523IC -  623K soon after 
the deposition process started. The temperature rise is attributed to the absorption o f 
the kinetic energies o f  the depositing atoms.
Table 3.1 Magnetron sputter deposition processing parameters used in this work.
Background vacuum 0.001 Pa
Argon pressure 0.2 ~ 0.3 Pa
Power 2.3 kW
Substrate temperature before deposition Room temperature
Target dimension 3 80x 126x8 mm3
Deposition rate 10‘9 m/s
Processing period 8 hours
A Microstructural study o f  the deposits produced in the early inns found that 
crystallisation had occurred in some o f  the deposits. This was related to the 
temperature rise o f  the substrate during deposition. These deposits are referred to as 
deposits produced by the continuous route. In order to eliminate the temperature rise 
and resultant crystallisation, a discontinuous route was adopted, hi this processing 
route deposition was done in stages, each stage consisting o f  deposition for 10 minutes
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followed by an interval o f  10 minutes duration. The Ti-50Al-10Cr deposit was re­
produced using the discontinuous route. The Ti-48A1 deposit was also made using this 
route. The deposits produced and the corresponding processing route are summarised 
in table 3.2.
Table 3.2 The deposits produced in this work and the processing route used.
Nominal compositions o f 
alloys produced
Processing route
Continuous Discontinuous
Ti50A110Cr X
Ti53A115Cr
Ti50A120Cr X
Ti48Al X
3 .4  Heat treatm ents
3.4.1 High Temperature Phase Equilibria in the Ti-AI-Cr System
The ternary Ti-Al-Cr alloys o f  interest to this work are candidate coating materials for 
application at temperatures in the range o f  973K to 1173K or even higher. As already 
discussed in the previous chapter, Ti-Al-Cr phase equilibria have been explored at 
1273K (see figure 2.3). There has been also some work done at 1073K, but there is 
still great amount o f  uncertainty (see dash-lines in figure 2.4). Thus, in this work it 
was decided to study the phase equilibria at 1173K.
For the heat treatment, the samples were placed on an alumina boat and positioned in 
the centre o f  the heating zone o f  a Carbolite tube furnace. In order to minimise 
oxidation, the heat treatment was earned out under a low partial pressure o f oxygen by 
maintaining a continuous flow o f  high purity argon (>99.998% purity, BOC 
Pureshield grade). The samples were heat-treated at 1173K for at least 10 hours before
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TEM specimens were made to study phase equilibria. All samples were furnace 
cooled.
3.4.2 Devitrification at Intermediate Temperatures
The survey o f  the literature done as part o f this thesis did not find any work on the 
devitrification o f  amorphous amoiphous Ti-Al-Cr alloys. There have been limited 
reports on devitrification at intermediate temperatures for Ti-Al thin films (Banerjee et 
al, 1996, 2000, Padmaprabu et a l, 2000). Thus, in this work phase evolution in Ti-Al 
and Ti-Al-Cr deposits was studied at temperatures in the range o f  773K to 973K.
Ideally, in any study o f  phase equilibria, samples o f  an alloy o f  a reactive element stfcfo-as 
Ti should undergo heat treatment within a protective atmosphere to avoid oxidation. 
Thus, the heat treatment scheme described in the previous section was chosen for 
studies o f  phase equilibria. However, if  the heat treatment time is not long enough 
(say less than < 5 hr), the heating up and cooling down periods should not be ignored, 
when compared with the whole heat treatment duration. For instance, temperature -  
time data recorded T* • - for the Carbolite tube furnace used in this work 
showed that the heating rate was about 20K/min (see figure 3.2). The cooling rate was 
non-linear against time, being around 8K/min when the temperature reduced from 
773K to 573K and slowing down as the temperature decreased. For studies o f  phase 
equilibria, or for heat treatment over 10 hours, this presents little problem. For studies 
o f  devitrification, in which heat treatment could be as short as 3 minutes, the heating 
up and cooling down processes cannot be ignored. On the other hand, our preliminary 
tests showed that the oxidation o f  the heat-treated samples was slow. Thus, to study 
the devitrification o f  the deposits, heat treatments (T < 973K) were not performed in 
the tube furnace, because in some cases heat treatment must be short enough (e.g. a 
few minutes) to capture the early stage o f  transition. Instead, a box-fumace was used, 
which allowed the samples to be inserted or removed from the furnace swiftly.
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3 .5  X-ray Diffraction
X-ray diffraction (XRD) analysis using a Philips diffractometer with monochromatic 
CuKa radiation (46kV, 35 mA and a step size o f  0.05°) and a Ni filter was used to 
help phase identification in the as-deposited and heat-treated samples. General scans 
were acquired with the 20 angle ranging between 20° to 80°. The surfaces o f  all 
samples were cleaned by acetone and dried in hot airflow prior to inspection.
For diffraction peak identification, information was taken from the Inorganic 
Substance Powder Diffraction database. X-ray diffraction simulation was also 
performed using the PowderCell software written by the Federal Institute for 
Materials Research and Testing in Germany. The simulation in the software is based 
on crystallographic information such as lattice constants, space group, element 
(atomic number) and atomic positions in a unit cell. The detailed XRD data for the 
experiments are given in Appendix A. The presentation o f  the XRD results in 
Chapters 4 and 5 is done in the foim o f  spectra, with most o f  the peaks identified.
Texture analysis o f  the deposits was carried out at the Centre de Metallurgie 
Structurale, Laboratoire de Metallurgie et Materiaux Polycrystallins Universite de 
Metz, France. The texture experiments were conducted using Fe Ka radiation. Pole 
figures and axial pole figures were obtained.
3 .6  SEM and EPMA Studies
3.6.1 Sample Preparation
All cross sectional specimens were cut from the coated buttons using a Struers metal- 
bonded diamond wheel in a Struers accutom. Most o f  them were mounted in a 
conducting bakelite using Struers Prontopress, which heated the samples at 423K for 5 
min before cooling for a further 3 min. There were also a few samples mounted in 
epoxy resin. The problem with epoxy resin, however, was that it was much softer than 
the titanium alloys. During the grinding process, the sample edges, where the deposits
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stood, were more liable tdrainages!. Therefore, this mounting material was avoided in 
further work. All samples were ground on the SiC paper from 500# to 2400# with 
running water, then polished down to a finish o f  1 pm using the Straers diamond 
spray and cloth. The samples embedded in non-conducting materials were carbon 
coated prior to imaging and analysis.
3.6.2 Imaging Using Secondary and Backscattered Electrons
A HITACHI S-3200N and an electron microprobe (JEOL JXA 8600 Superprobe) 
were used in the current work for imaging and microanalysis. Imaging was mainly 
earned out in backscattered (BS) mode on cross sectional specimens to study phase 
distribution. Secondary electron (SE) mode was used only for surface morphology 
inspection (the specimens were tilted to around 15° to 45° for better 3-D 
representation). In order to avoid charging, silver tags were placed on the bakelite or 
resin mounted samples, before inserting them in the microscope.
The HITACHI S-3200N microscope was operated at an accelerated voltage between 
15 and 20 kV and a working distance o f  15 -  16 mm. Secondary and backscattered 
electron imaging were used to study the morphology and microstructures o f  the 
deposits. These observations were combined with EDX spectra collected from the 
phases in order to get qualitative estimations about their identity. EDX elemental 
mapping and line scanning were also employed in some cases to facilitate the 
distinction and identification o f  phases.
The backscattered electrons are known to be able to diffuse to a considerable distance 
from the impact point to the escaping position (Murata et a l , 1971). This beam- 
specimen interaction can be a limiting factor for the image effect. Consequently, 
although the chemical compositions o f  two adjacent phases change abruptly, the 
backscattered coefficient changes gradually over a distance. At high magnifications, 
the phase boundary will therefore be poorly defined and appears “ fuzzy” . This 
limitation was encountered in this work repeatedly due to the fine structures in some 
samples.
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3.6.3 X-ray Microanalysis
The chemical compositions were measured using electron probe microanalysis
Enerqv} dispersive X-wtj 
(EPMA) on a JEOL JXA 8600 superprboedEDX) analysis was the main technique
used for this purpose. One o f  the advantages o f  EDX analysis is that X-rays can be
collected veiy efficiently. Elements with atomic number Z > 11 can thus be identified
in a few minutes easily (Lifshin and Ciccarelli, 1973). In order to have statistically
significant peaks and obtain adequate counts in the spectrum, a high count rate would
be required. However, as the count rate increases, the EDX becomes more liable to
introducing artefacts. For the SEM used in this work, dead time was kept around 20%
to 30%. Calibration o f  the analyser (an Oxford Link ISIS) using a pure Co standard
was performed prior to collection o f  spectra from each phase present in the sample
under examination. This was repeated eveiy hour in order to cancel out any possible
errors arising from drift in the electron beam current.
The spatial resolution o f  EPMA during spot analysis is associated with the electron 
beam voltage, the composition and the density o f  the phase being analysed. An 
optimum spatial resolution o f  1-2 pm would be achieved with the smallest voltage 
uSed —  15kV. Taking this into consideration, accurate analysis is only achievable on 
particles over 4-5 pm. In many cases for our alloys, the precipitates were much 
smaller than this limit, thus the EPMA composition analysis could only be taken 
qualitatively.
Other parameters, such as probe current stability, condition o f  the specimens and 
standards etc. would also affect the accuracy o f  the analysis. Special care was taken to 
minimise the possible errors, e.g. sufficient time was given prior to any analysis to 
ensure that the probe current had stabilised. The probe current was checked frequently 
to ensure its stability.
The energy resolution o f  EDX is relatively poor. Two closely spaced peaks are 
lAtov-e length +rwj ctAa lug Is 
difficult to resolve. hy(wDX) the X-ray radiation is filtered so that only X-rays o f  a
chosen wavelength can reach the detector, therefore, the energy resolution is much
higher. WDX was used especially when study o f oxide scale was involved, due to its
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excellent energy resolution, ability to detect X-ray? from light elements and the high 
counting rate, which allows data collection from a single element in a veiy short 
counting time.
3 .7  Transm ission Electron M icroscopy
3.7.1 Thin Film Specimen Preparation
Transmission electron microscopy studies were earned out on thin-film specimens 
using a Philips 400 and a computer aided Philips CM200 transmission electron 
microscope.
Thin-film specimens were prepared using a Gatan and a PIPS ion beam miller. Both 
cross section and planar specimens were made. For cross section specimens, a face-to- 
face technique wa3 used. This was done by cutting cross sectional slices, which were 
then glued in pairs, bringing two o f  the deposited sides together. They were ground 
down to a smooth surface, glued to copper rings, then carefully ground from the other 
side till about 100 pm thick, hi the ion beam miller, double Ar beams were used 
shooting from both sides o f  the rotating specimens. For planar specimens, slices were 
first cut o ff from the buttons, attached to copper rings from the deposit side, then 
ground down from the other side to about 100 pm thick. Single Ar beam was used 
during ion beam thinning on the substrate side until a small penetration was obtained. 
The deposit side (the side not being polished by the Ar beam) had to be covered in 
order to avoid re-deposition. The procedure would be finished by a final thinning from 
both sides, giving a planar view close to the top o f  the deposits. Liquid nitrogen was 
used in the Gatan miller to prevent temperature rise o f as-deposited materials in the 
chamber.
3.7.2 TEM Imaging
Direct micro structure observation can be obtained from TEM imaging. A  bright field 
(BF) image is obtained if  the direct transmitted electron beam is used. Contrast may 
arise by mass-thickness, diffraction or phase mechanisms. If the crystal has been tilted
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to certain positions and a diffraction pattern is obtained, one o f  the strong diffracted 
beam can be selected to form a dark field (DF) image. The BF and DF image pair can 
be useful to reveal fine microstructures.
Ideally, when the incident beam interacts with one diffracted beam, one will obtain 
groups o f  lattice fringes, with each dark line corresponding to a lattice plane 
(Goodhew and Humphreys, 1988). hi high resolution electron microscopy (HREM) 
imaging, where more diffracted beams are allowed, a “structure image” is achieved. In 
this work, HREM imaging was done to examine the microstructure o f  the crystalline 
as-received deposit. A  low indexed zone-axis orientation was obtained first in order to 
achieve the diffracted beams. Certain amount o f  defocus was also necessary.
3.7.3 Diffraction and Phase Identification
TEM diffraction patterns obtained from systematic tilting were combined with XRD 
data to identify constituent phases in the alloys. There are two methods used to define 
the area o f  the specimen from which the diffraction pattern originates. One o f  these 
uses a defocused electron beam so that a large area o f  the specimen is illuminated with 
electrons and hence this large area contributes to the diffraction beams. An aperture is 
inserted in the first image plane so that only the area confined by the aperture will be 
able to contribute to the diffraction pattern. The focused diffraction pattern, giving 
bright sharp spots on the screen, is the selected area diffraction pattern (SADP). The 
other technique, micro-area diffraction (MD), involves condensing the electron beam 
on to the area o f  interest, so that the illuminated area uniquely defines from where the 
diffracted beam originated.
The MD technique allows the crystallographic information to be obtained from very 
fine precipitates, which are too small to obtain by SADP. The drawback o f  MD, 
however, is that contamination is easily incurred when an area is under the condensed 
electron beam. Hence, in this work, MD was only performed when the SADP 
technique cf id pot give satisfying diffraction on veiy fine precipitates.
Liquid nitrogen was employed to eliminate contamination o f  specimens.
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No matter what technique is used, . diffraction occurs when the Ewald sphere touches 
a reciprocal lattice point (a relrod) and a diffraction pattern may be formed. The 
geometry o f  the real crystals gives rise to the shape effect on the reciprocal lattice. The 
-principle o f relating the shape factor o f  the real space and the reciprocal space can be 
summarised as “small becomes large” and vice versa (Wiliams and Carter, 1996). It 
tells that if  a particle is veiy small in a certain direction, the size o f  relrod in this 
direction becomes large, as shown in figure 3.3. This phenomenon was observed in 
some o f  our samples, and it could help us to further understand the microstructure o f 
our crystals.
In this work, the electron diffraction patterns were indexed using the versatile on-line 
software EMS (developed by Centre Interdepartmental De Microscopie Electronique), 
and the results were constantly checked using d-spacing and interplanar angles. 
Calculation o f  interplanar spacings (d-spacing) was using a variety o f  programs such 
as EMS or PowderCell, or computed using programs written by the author.
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Figure 3.1 Electron motion in static magnetic and electric fields (Hockings, 1989).
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Figure 3.2 The temperature —  time curve recorded for the tube furnace (with Ar 
flow) used in this work, showing the heat treatment history o f  a specimen with a 
nominal heat treatment duration o f  30 min at 773K.
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Figure 3.3 Schematic illustration o f  the relation between the shape o f  the grain 
and the relrods.
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C hapter 4  
A s-deposited Alloys
4.1 Introduction
In this chapter, the results o f microstructural studies of the as-deposited alloys are 
presented. Overall structural features of various deposits >ns observed us my SEM are 
given in section 4.2. Detailed microstructural characterisations are discussed in 
sections 4.3 and 4.4. In section 4.5 results on texture analysis are presented. A brief 
summaiy o f the structural features of all the deposits is given in section 4.6.
4.2 Overall SEM Observations
As described in Chapter 3, two different processing routes have been employed in this 
study. In the continuous route the deposition would last for eight hours. The 
discontinuous route was designed to reduce the temperature rise in the substrate, hi the 
discontinuous route the deposition was carried out in stages, each stage consisting of 
deposition for 10 minutes followed by an interval o f 10 minutes duration.
Five deposits were produced in total, namely Ti-50Al-10Cr, Ti-53Al-15Cr and Ti- 
50Al-20Cr were produced using the continuous route. The Ti-50Al-10Cr was re­
produced using the discontinuous route. The discontinuous processing route was also 
chosen to obtain the Ti-48A1 deposit. Compositions of these deposits were determined 
by EPMA from the cross-sectional specimens and the results are listed in table 4.1.
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All alloys had a silvery finish and a matt appearance under visual inspection. An 
undulating feature was revealed under SEM for all the deposits. Figure 4.1 shows the 
surface morphology o f the continuous route products, i.e. for the Ti-50Al-10Cr, Ti- 
53Al-15Cr and Ti-50Al-20Cr deposits; those o f the discontinuous route products, i.e. 
for the Ti-50Al-10Cr and Ti-48A1 deposits are given in figure 4.2. Certain samples 
were slightly tilted the SEM so as to obtain a better 3-D view of the undulating 
feature. The surfaces were found to be like overlapping hillocks, which suggested that 
the deposit growth would be by island growth mechanism (Padmaprabu et a l 2000).
Table 4.1 Compositions, status and corresponding processing routes o f the Ti-Al(- 
Cr) deposits described in this thesis. The equilibrium phases of the alloys at 1273K are 
given for comparison with the deposits heat-heated at 1173K.
Nominal alloy 
compositions
Phase equilibria 
at 1273K
Composition determined 
by EPM A (at.%)
Processing route
Continuous Discontinuous
Ti-50Al-10Cr y + Laves 40.2Ti-50.5Al-9.3Cr
Ti-53Al-15Cr y + 1 + Laves 33.3Ti-51.8Al-14.9Cr
Ti-50Al-20Cr x + Laves 32.6Ti-48.3Al-19.1Cr •/
Ti-50Al-10Cr y + Laves 4 0 .OTi-48.9 A l-11.1 Cr
Ti-48A1 * 51.9Ti- 48.1A1
* At HOOK this alloy is close to the y / y+a2 phase boundary.
The deposits produced by the continuous route were about 30 pm thick. The 
discontinuous route products were slightly thinner, being about 20-25 pm thick. 
Although a network of micro-grooves was observed on the surfaces in planar view (see 
figures 4.1 and 4.2), cross sectional study did not show these grooves extending into 
the bulk deposits. Therefore, these micro-grooves existed only on the top of the 
deposits and were estimated to be less than 1 pm deep, according to the observation of 
cross sections > the SEM. Similar surface morphology was also reported by 
Padmaprabu et al. (2000) on their sputter deposited Ti-48A1 thin films. They produced 
TiAl thin films o f less than 5 pm thickness with a roughness in the range of 60-100 A.
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The films were crack-free, while a similar network of micro-grooves was present on 
the top o f the deposits.
No contrast due to phase separation could be observed using SEM for any polished 
cross-sectional samples in the BS mode, even though the Ti-50Al-10Cr and Ti-53A1- 
15Cr alloys were crystalline (as confirmed by the XRD analysis, see section 4.3). This 
is due to the veiy small size o f the crystalline precipitates. EDX line scans and 
mapping showed uniform elemental distributions in all deposits. Figure 4.3 gives the 
typical BS cross sectional images and elemental mapping for the Ti-50Al-10Cr 
(crystalline) and Ti-50Al-20Cr (amoiphous) deposits obtained by the continuous 
processing scheme. No evidence o f elemental segregation could be observed.
4.3  Deposits Produced by the Continuous Route
4.3.1 The Ti-50Al-10Cr Deposit
Phase characterisation of the as-deposited alloys was carried out using XRD and TEM
d'ffrac-toanaru
analysis, as described in chapter 3. Figure 4.4 shows the XRD - A  o f the as- 
deposited Ti-50Al-10Cr obtained from the continuous route. The diffraction peaks 
clearly indicated the presence o f crystalline phase(s). The high intensity of the two 
major crystalline diffraction peaks suggested strong orientation preferences. Due to the 
limited number o f diffraction peaks, it was difficult to index the X-ray diffractogram. 
Combined with the TEM analysis, it was concluded that each major peak (e.g. the peak 
at 20 »  40°) was the result o f superimposition o f the diffraction o f a, a2 and y phases. 
Simulations of the XRD diffraction of the three phases are also given in figure 4.4 for 
comparison. For detailed XRD data, see table 1 in Appendix A.
Since no phase separation could be observed usnuj SEM, a cross-sectional TEM 
specimen was prepared. Figure 4.5 is a typical TEM BF image showing a cross section 
o f the Ti-50Al-10Cr deposit. Close to the deposit-substrate interface was a thin 
amorphous layer. The crystalline grains were formed on top of this amorphous deposit.
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They exhibited a columnar leafy structure, with the “roots” embedded in the 
amorphous matrix. It can be observed that each domain o f the columnar structure 
contained very fine structures and a lamella feature was evident inside domains. Figure
4.6 is a typical TEM DF image o f a few grains in the crystalline deposit, also revealing 
a leafy structure.
The SADPs taken from the amoiphous area showed typical diffuse rings (see figure 
4.7). Careful observation did not find any evidence o f crystalline embryos. The 
amoiphous part o f the deposit layer was determined to be around 1~3 pm thick.
Figure 4.8 shows a typical SADP taken from an area containing both crystalline and 
amoiphous material. The broken diffraction ring of the crystalline phases 
superimposed on the diffuse ring indicated a texture structure.
Figure 4.9 shows a SADP taken from one o f the crystalline domains. The strong 
streaking effect was due to the shape effect o f the crystallites. The diffraction “archs”
aindicated that there was^slight orientation change between the crystallites. This pattern 
was found to be the overlapped a <2110> and y <101> patterns, with veiy weak 
reflections attributed to the superlattice reflections o f the a2 phase (see figure 4.10 for 
indexing key).
In order to identify the crystalline phases, micro-area diffraction (MD) was employed. 
In the MD mode, it was noted that the diffraction pattern rotated slightly when the 
electron beam was moved across the same domain. Figure 4.10a shows a MD pattern 
corresponding to the same orientation as shown in figure 4.9. This pattern was the 
result o f superimposition of y <101> (figure 4.10c) and a  <2110> (figure 4.10b) 
together with a2 superlattice spots (figure 4.10d).
The sample was then carefully tilted to the y <112> and a <0110 > orientation, and the 
superlattice spots o f the y phase were also present (see figure 4.11). The diffraction 
simulations are shown along with the MD patterns for comparison and indexing results
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are marked in the simulated patterns. Table 4.2 gives some d-spacing o f these three 
phases, showing the closeness o f d-spacings for certain crystal planes.
Streaking was observed in the a  <2110 > / y <101> patterns (see figures 4.9 and 4.10), 
indicating that the crystallites were plate-like (see figure 4.9 for diffraction pattern and 
figure 3.3 for illustration of shape effect). As streaking was only observed along the a 
<0001> // y <111> direction, it indicated that the phases were plate-like with the 
normal to the plates being a  <0001> // y <111>.
Table 4-2. Comparison o f some d-spacings o f the a, a2 and y phases.
a(0002) a2(0002) Y (lll) a( 0111) a2(0221) y( 020)
d-spacing / nm 0.233 0.233 0.233 0.226 0.220 0.200
In the course o f the diffraction study o f various crystalline domains, it was noted that 
the positions of the zone axis (e.g. a  <0001> // y <101 >) o f many of these domains 
were veiy close. This also suggested that the growth of the y/a grains had certain 
orientation preferences
In order to examine the shape and phase boundaries o f these crystallites directly, high- 
resolution imaging was performed. Figure 4.12 presents the typical HREM images near 
the zone axis o f a  <2110> // y <101> showing lattice fringes. It clearly shows that the 
crystalline domain was highly faulted and all crystallites were plate-like. Each 
crystalline plate was only a few nanometers thick. As indicated by the streaking 
feature, the normal to the plates corresponds to a<0001> // y <111>.
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4.3.2 The Ti-53Al-15Cr Deposit
The XRD spectrum of this deposit and the diffraction simulations o f a, a2 and y are 
shown in figure 4.13 (see also table 2 in Appendix A). The deposit consisted o f a small 
amount o f amoiphous material, apart from the crystalline a  and y phases, as shown in 
the TEM BF image (see figure 4.14). As for the Ti-50Al-10Cr deposit, the Ti-53A1- 
15Cr deposit was amoiphous in the early stages of deposition and leafy crystalline 
domains were formed on top of the amoiphous layer, with their “roots” embedded in 
the amorphous matrix. From the BF images, the laminar structure was discernible. 
Analysis o f the TEM diffraction patterns gave the same results as for the Ti-50Al-10Cr 
deposit. Figure 4.15 shows the MDPs of a  <0110> // y <112> and a <2110> // y 
<101>. The streaking effect indicated that the crystallites in this deposit were also 
plate-like, with the normal to the crystalline plate being a  <0001> and y <111>.
4.3.3 The Ti-50Al-20Cr Deposit
Although the Ti-50Al-20Cr deposit was produced under the same conditions as the 
previous two deposits, it was found to be completely amoiphous. The XRD spectrum 
o f this alloy is given in figure 4.16, which shows two amoiphous hillocks. Since a 
small amount of crystallites might not be detected from the XRD analysis, cross 
sectional TEM specimens were studied. No evidence o f any crystallites was found. 
Figure 4.17 shows a TEM BF image of the amoiphous Ti-50Al-20Cr. The SADP 
shows diffuse rings, indicating the presence of the amoiphous material.
4 .4  Deposits Produced by the Discontinuous Route
The discontinuous route was employed to avoid significant temperature rise during 
sputter deposition. The Ti-50Al-10Cr deposit, which was found to have crystalline 
phases when produced using the continuous deposition route, was re-produced using 
the discontinuous route. The Ti-48A1 was also deposited using this route.
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diffractograms
XRD p  . showed the typical amoiphous hillocks for both deposits, as seen in 
figure 4.18. However, a sharp crystalline diffraction peak was observed around 20 «  
29.9°. Indexing o f the XRD peak led to the a2 phase (1120), which was present in the 
substrate.
TEM study was then earned out on the planar specimens. A general TEM study of the 
Ti-50Al-10Cr deposit revealed an amoiphous feature, as shown in the BF image in 
figure 4.19. Careful inspection revealed that there existed a small amount of nano­
crystallites in some areas (see figure 4.20), with most o f the deposit being amorphous. 
In the Ti-48A1 deposit no crystallites were found (see figure 4.21).
4.5 Texture Study
diffractograms
The XRD/t o f the Ti-50Al-10Cr and Ti-53Al-15Cr deposits produced by the
continuous route indicated strong orientation preference. TEM showed that the
0.
crystalline domains formed in the Ti-50Al-10Cr deposit had^columnar structure and 
many o f these Columns were almost perpendicular to the substrate surface. The columns 
contained large amounts o f alternating a (0001) // y (111) plates. However, TEM 
analysis provided very localised information. Texture analysis using X-ray (Fe Ka 
radiation) with a texture goniometer was thus carried out for further confirmation.
The texture o f the intermetallic y phase was characterised by measurements o f the y 
(111)// a  (0001) peak. When present, the texture in the deposits was always of a fiber 
type. The deposits texture will be represented in this work either by pole figures or by 
axial pole figures. For this second representation, the intensities o f the given peaks are 
followed as a function o f the tilted angle. This is possible because intensities are 
independent of the azimutal angle for fibre textures. This method was particularly 
interesting here when characterising the samples that have been slightly oxidised and
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for which additional diffraction peaks, some of them nearly overlapping the y-TiAl 
peaks, were obtained in the XRD spectra.
The spectrum for the Ti-50Al-10Cr deposit produced by the continuous route obtained 
using the Fe Ka radiation is given in figure 4.22. One single shaip diffraction peak is 
observed at 20 = 49.8°. At this angle, this peak can correspond to the diffraction of the 
(111) planes o f the y phase and (0001) o f the a. This was verified by the pole figure 
measurements, as illustrated in figures 4.23 and 4.24.
Figure 4.23 is the normalised y (11 l)//a  (0001) pole figure. It shows a sharp peak in its 
centre and a ring that are characteristic o f a y <111> // a  <0001> fiber with axis 
perpendicular to the substrate surface. Figure 4.24 shows the y ( l l l )  // a(0001) axial 
pole figure. In this diagram the high intensity at the peak compared with a random 
situation indicated the shaipness of this texture.
The reason for such a texture formation could be explained by the crystallography o f 
the two phases. The y phase has a f.c.t structure, which is veiy close to a f.c.c structure 
(due to its specific lattice parameters; see chapter 2). Its most densely packed crystal 
plane is (111). For the h.c.p a  phase, the most densely packed plane is (0001). By 
forming y <111> and a  <0002> fibres, the surface energy of the crystalline deposit can 
be reduced.
4.6  Summary
In this study, the Ti-50Al-10Cr and Ti-53Al-15Cr deposits produced by the continuous 
route o f magnetron sputter deposition were partially crystalline, with a thin amoiphous 
layer formed in the early stage of deposition. The Ti-50Al-20Cr deposit obtained using 
the same processing scheme was totally amoiphous. The Ti-50Al-10Cr and Ti-48A1 
deposits, obtained by the discontinuous route were also amoiphous. A  number of nano­
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crystallites were found in the Ti-50Al-10Cr deposit produced by the discontinuous 
route.
The crystalline material in the two deposits produced by the continuous route exhibited 
a columnar structure. Phase characterisation clarified that these crystallites mainly 
consisted o f the y and a  phases. The a phase was partially ordered. The crystalline 
fibres mainly consisted o f laminar a and y phases, with each lamina being only a few 
nanometer^The oc/y lamina were y < l l l > / / a  <0001> oriented, with the normal being 
parallel to the growth direction of the deposits. Texture analysis confirmed the deposits 
had y < l l l > / / a  <0001> texture.
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Figure 4.1 SEM SE images showing the undulating surface morphology of (a) the 
crystalline Ti-50Al-10Cr (b) the crystalline Ti-53Al-15Cr and (c) the amorphous Ti- 
50Al-20Cr deposits; these deposits were produced by the continuous route. All 
samples were tilted to 15° to obtain a better 3-D effect.
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Figure 4.2 SEM SE images showing the undulating feature o f (a) the amorphous 
Ti-50Al-10Cr (b) the amorphous Ti-48A1 deposits; these deposits were produced by 
the discontinuous route. The samples were tilted 45° to obtain a 3-D effect.
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Figure 4.3 (a) SEM bright field (BF) cross-sectional image and corresponding 
elemental maps o f the as-deposited Ti-50Al-10Cr (crystalline) deposit produced by the 
continuous route, showing uniform elemental distributions.
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Figure 4.3 (b) SEM BF cross-sectional image and corresponding elemental maps of 
the as-deposited Ti-50Al-20Cr (amorphous) deposits produced by the continuous 
route, showing uniform elemental distributions.
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diffractograms
Figure 4.4 XRD f[ ■ « o f the as-deposited Ti-50Al-10Cr, compared with the 
simulated spectra of the y-TiAl, a-Ti and a 2- Ti3Al phases.
Chapter 4 As-deposited Alloys 68
Deposition Growth 
Direction
amorphous
2 0 0  nm
Figure 4.5 A  typical TEM BF image showing a cross-section o f the as-deposited 
Ti-50Al-10Cr alloy produced by the continuous route. The leafy crystalline domains 
could be seen to grow from the amorphous matrix.
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Figure 4.6 A  TEM DF image showing a cross-section of the crystalline area in the 
as-deposited Ti-50Al-10Cr alloy produced by the continuous route, revealing a leafy 
structure.
Figure 4.7 A  TEM BF image of the amorphous area in the as-received Ti-50A1- 
lOCr deposit produced by the continuous route. The insert shows a SADP taken from 
this area showing typical amorphous diffuse rings.
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Figure 4.8 A  SADP taken from an area o f the Ti-50Al-10Cr deposit containing 
both crystalline and amorphous material. The broken diffraction ring superimposed on 
the diffuse ring indicated a texture structure.
Figure 4.9 A  SADP taken from a crystalline domain in the as-deposited Ti-50A1- 
lOCr thin-film specimen, showing strong streaking in the [ 11 1  ]y / /  [000 l]a direction. 
The SADP contains a  <2110>, a 2 < 2 110> and y <101>.
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Figure 4.10 (a) MDP of the mixed pattern of a  <2U 0>  and y <101> with a 2
superlattice spots for the Ti-50Al-10Cr deposit produced by the continuous route; (b)
simulated a  < 2110 >  SADP; (c) simulated y < 1 0 1> SADP and (d) simulated a 2 <  2110 >  
SADP.
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Figure 4.11 (a) MDP of the mixed pattern of a  < 0 1 10> and y <112> for the Ti-
50Al-10Cr deposit produced by the continuous route; (b) simulated a  <0110> SADP;
(c) simulated y < 1 12> SADP and (d) simulated a 2 <0110 > SADP.
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Figure 4.12 HREM images taken for the Ti-50Al-10Cr deposit produced by the 
continuous route: (a) HREM image taken at the a  <2110> and y < 1 0 1> zone axis. The 
lattice fringes show a general view o f the lamellar structure of crystallites; (b) HREM  
image at higher magnification, revealing that the crystallites are of nano-scale and each 
layer contains only a few atomic planes.
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diffractograms
Figure 4.13 XRD A of the as-deposited Ti-53Al-15Cr alloy and the
simulated XRD spectra o f  the y-TiAl, a-Ti and ot2-Ti3A l phases.
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(b)
Figure 4.14 TEM BF images showing the cross-section of the as-deposited Ti-53A1- 
15Cr alloy; (a) leafy crystalline domains were seen growing from the amorphous 
matrix; (b) the fine laminar structure o f the crystalline areas is discernible.
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(a) (b)
Figure 4.15 MDPs taken from the crystalline domain o f the Ti-53Al-15Cr deposit:
(a) a  <0110> and y < 1 12> pattern and (b) a  <2110 > and y <101> pattern. See figure
4.10 for SADP simulations.
diffractogram 2*theta
Figure 4.16 XRD of the as-deposited Ti-50Al-20Cr, showing the typical
amorphous hillocks. .
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Figure 4.17 TEM BF image of the cross-section of the as-deposited Ti-50Al-20Cr 
produced by the continuous route. The diffuse rings in the diffraction patterns indicate 
an amorphous structure.
diffractograms 2 -Tneta
Figure 4.18 X R D / of the as-deposited Ti-50Al-10Cr and the Ti-48A1
produced by the discontinuous route, showing typical amorphous hillocks. The peaks
at 20 »  29.9° are attributed to the a 2 phase in the substrate.
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Figure 4.19 TEM BF image of the as-deposited Ti-50Al-10Cr produced by the 
discontinuous route.
Figure 4.20 TEM BF image of the as-deposited Ti-50Al-10Cr produced by the 
discontinuous route, showing nano-crystallites embedded in the amorphous matrix. 
Analysis of the diffraction rings as shown in the insert indicated that they were a  
crystallites.
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Figure 4.21 TEM BF image of the as-deposited Ti-48A1 produced by the 
discontinuous route; the diffuse rings in the insert indicate that the deposit was 
amorphous.
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Figure 4.22 X R D / o f the as-deposited Ti-50Al-10Cr produced by the
continuous route. The radiation used was Fe Ka.
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Figure 4.23 (111) pole figure of the y < 1 1 1> fiber for the as-deposited Ti-50Al-10Cr
produced using the continuous route.
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Figure 4.24 (111) y axial pole figures o f the as-deposited Ti-50Al-10Cr produced by
the continuous route and the discontinuous route. The fibre texture is actually 
< 0 0 0 2 >cx//<lll>y.
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C h ap ter 5 
H eat-treated  D eposits
5.1 Introduction
Heat treatment o f the deposits led to the decomposition o f the metastable phase(s) 
and precipitation o f new phases. Isothermal heat treatment o f the sputtered ternary 
alloy deposits was carried out at 1173K to understand the phase constitution at 
equilibrium1 at this temperature. Heat treatments at lower temperatures were done 
to study the crystallisation o f amorphous Ti-Al(-Cr) alloys.
5.2  Isotherm al Heat Treatm ent at 1 173K
5.2.1 The Ti-50Al-10Cr Deposit
Two deposits o f  this composition were produced, the crystalline Ti-50Al-10Cr 
(continuous route) and the amorphous Ti-50Al-10Cr (discontinuous route). Both 
deposits were heat-treated at 1173K in order to study the phase equilibria at this 
temperature. There was continuous flow o f Ar into the tube furnace during heat 
treatment in order to avoid oxidation o f the deposits. The heat-treated samples were 
studied using XR D , SEM and TEM.
X R D  analyses
Figure 5.1a shows the X R D  diffractogram o f the crystalline Ti-50Al-10Cr heat-treated 
at 1173K for 100 hours and figure 5.1b shows that o f the amoiphous Ti-50Al-10Cr  
heat-treated at 1173K for 10 hours. The X R D  results showed that the heat-treated 
deposits consisted o f y-TiAl and the Laves phase Ti(Al,Cr ) 2  (see table 3  and 4 in
1 The Ti-48A1 was excluded from the heat treatments at 1173K because the equilibrium phase 
diagram for the Ti-Al alloy system has been established.
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Appendix A). Diffraction peaks corresponding to alumina were also found (which
was in agreement with SEM observations). Peak identification showed that the
oxide consisted mainly o f  alumina. In the XR D  spectrum for the heat-treated 
deporit
amorphous Ti-50Al-10Cy, there were two peaks close to the a 2  diffraction peaks. 
This could be attributed to the a 2  being present in the substrate.
diffractograms
Comparing the two X R D  .f1 it was noted that the ratio o f y(l 11) over other y 
peaks was much greater in the deposit produced by the continuous route than in the 
discontinuous route. Since it was known that the Ti-50Al-10Cr produced by the 
continuous route contained a great amount o f y < l l l >  fibres (see chapter 4), the 
XR D  results indicated that the textured structure was retained to a certain extent in 
the heat-treated Ti-50Al-10Cr deposit produced by the continuous route.
SEM  studies
Figures 5.2a and 5.2b show the cross-sectional morphology o f the crystalline Ti- 
50Al-10Cr heat-treated in Ar at 1173K for 10 hours and 100 hours respectively. 
The Laves phase (bright precipitates in figure 5.2) is seen in the y matrix. A  
columnar structure was observed in the cross-sections, which was consistent with 
the morphology o f the as-deposited deposit. The columnar structure was 
particularly distinct in the sample heat-treated for 10 hours, with the Laves phase 
precipitates aligned in the direction normal to the substrate/deposit interface. It 
was less obvious in the sample heat treated for 1 0 0  hours, where precipitate 
coarsening was observed.
In the heat-treated Ti-50Al-10Cr deposit, which was amorphous in the as-deposited 
condition, no columnar structure was observed. Figure 5.3 shows a cross-sectional 
SEM  BS image o f the amorphous Ti-50Al-10Cr deposit heat-treated for 10 hours, 
showing a random distribution o f precipitates.
Oxide scale had formed on the deposit, even though the heat treatment was done 
under continuous Ar flow, including the cooling period. The oxide is more evident 
in the BS image, as shown in figure 5.4. These results indicated that even at very
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low oxygen partial pressure, the Ti-50Al-10Cr alloy could still react with oxygen 
easily. The oxide scales in all three samples (heat-treated for 10 /  100 hours in Ar 
flow and heated-treated for 10 hours without Ar flow) were about 1 pm thick. This 
would suggest that the oxide scale was formed rapidly in the early stage o f heat 
treatment, then the growth rate was reduced significantly. Thus, this behaviour 
would indicate that the Ti-50Al-10Cr alloy could be considered as^xidation  
resistant coating at high temperatures. E D X  analyses showed that these scales were 
A l rich.
It was interesting to notice that, close to the substrate/deposit interface, the volume 
fraction o f the Laves phase decreased. This could be attributed to Cr diffusing into 
the substrate, leading to the local equilibrium shifting towards the y side in the 
Ti(Al,Cr) 2  +  y area o f the phase diagram, see figure 2.3. The Cr diffusion profiles 
will be discussed in Chapter 6 .
TEM  studies
TEM  study was done to identify the phases present in the heat-treated deposit. The 
Ti-50Al-10Cr deposit produced by the continuous route (crystalline in the as- 
deposited condition) and heat-treated for 100 hours was studied. A s the columnar 
structure had been observed on a cross-section, planar-view TEM  specimens were 
made. TEM  observation showed that precipitates appeared to be equiaxed and 
distributed randomly, as shown in figure 5.5a. The size o f  the different phases 
varied from tens o f nanometers to up to 1  pm in diameter.
Careful inspection showed that the Laves phase precipitates appeared in two forms: 
large Laves phase particles were formed at the y grain boundaries. Their sizes were 
about 500 nm to 1 pm in diameter; there were also some spherical Laves phase 
precipitates embedded within the y grains, their size being in the range from a few 
tens o f  nanometers to a few hundred nanometers (see figure 5 .5 b).
E D X analyses showed that the chemical composition o f the y and Laves phases 
were 44Ti-52.5Al-3.5Cr and 33.5Ti-38.5Al-28Cr (at.%) respectively. EDX
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analyses carried out on the smaller Laves phase particles embedded in y grains 
yielded compositions around 34.5Ti-39.3Al-25.2Cr. The latter data, however, 
should be considered to be only a qualitative result, since the Laves phase particles 
were so small that simultaneous analysis o f the y phase information was likely. 
Even so, the remarkable compositional differences between the y and the Laves 
phases made phase identification easier by E D X  analyses.
Diffraction patterns were obtained for further phase identification. Figure 5.6 
shows the <100>, <101> and < 1 1 1> patterns taken from a y-TiAl grain. The
SADPs o f <000 1>, <1012 > , < 2 H 0 >  and <303  1> taken from the Laves phase are 
shown in figure 5.7. In these two figures, the SADP simulations are shown together 
with the indexing keys.
Figure 5.8 shows typical elemental maps acquired from the planar thin-foil 
specimen, showing the compositional difference between the y and Laves phases. 
Figure 5.9 shows elemental maps acquired from a Ti(Cr,Al) 2  particle embedded in 
the y grain, which was about 100 nm in diameter. The maps show that the particle 
was Cr rich and slightly poorer in A l than the surrounding y matrix. In order to 
confirm the particle identity, MDPs were taken and the C l4 Laves <415  6 >  and 
<30 3 1> patterns are shown in figure 5.10.
No unique orientation relationship was observed between the Laves and y phases. 
However, there were some favourable crystallographic relationships between them 
(Shao, 1995).
Twinning o f the y phase was found to be quite common. For instance, figure 5.11 
shows a TEM  DF image taken at y<110> zone axis, showing two y grains to be 
180° twins. Figure 5.12a shows the SADP taken from the area where the two grains 
meet. Figure 5.12b gives the SADP o f y<110> from one o f the y grains. The 
indexing key to figure 5.12a is given in figure 5.12c.
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5.2.2 The Ti-53A I-15C r Deposit
The Ti-53Al-15Cr deposit was produced using the continuous route and the as- 
deposited morphology was very much like that o f the Ti-50Al-10Cr deposit 
produced by the same processing route. On the basis o f  the result for the heat 
treatment o f  the Ti-50Al-10Cr deposit, which showed that Ar flow would not 
prevent oxidation, the isothermal heat treatment o f the Ti-53Al-15Cr deposit was 
performed without Ar protection.
XR D  analvses ___
diffractograms
Figure 5.13 shows the XRD  o f the Ti-53Al-15Cr alloy heat-treated in air
for 10 and 100 hours (see also table 5 in Appendix A). From the isothermal section 
o f the phase diagrams at 1273K and 1073K (see figures 2.3 and 2.4), it can be seen 
that at 1173K this alloy could be in the y +  Laves two phase region, or the y +  x +  
Laves three phase region. From the XR D  results, the Laves phase was identified. 
Since the f.c.c x phase and the f.c.t. y phase have very close lattice parameters, their 
diffraction spectra exhibit great similarity, and X R D  on its own could not provide 
conclusive evidence about their existence. By analysing the TEM  diffraction 
patterns, it was found that both y and x phases were present (see below).
SEM studies
Figure 5.14 gives a typical SEM BS image showing a cross-section o f the Ti-53A1- 
15Cr deposit heat-treated at 1173K for 10 hours. The Laves phase (the bright 
precipitates) is seen in the y matrix. The heat-treated microstructure shows 
evidence o f columnar structure, which is less distinct, compared iwikthe crystalline 
Ti-50Al-10Cr deposit heat-treated for the same duration (figure 5.2a). Similar to 
the Ti-50Al-10Cr deposit, the oxide scale formed on the Ti-53Al-15Cr deposit was 
about 1  pm thick.
TEM  studies
TEM  studies showed that at 1173K the microstructure o f the Ti-53Al-15Cr deposit 
contained three- phases.Figure 5.15 is a planar view o f this deposit, showing a few 
large Laves particles about 300 nm in diameter. The typical composition o f the
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Laves phase, determined by ED X, was about 35.0Ti-36.5Al-29.5Cr (at.%). Figure
5.16 shows the <2113> and <2110> patterns o f  the Laves phase in the heat-treated 
Ti-53Al-15Cr deposit.
Systematic tilting was performed to clarify whether the x phase was present. The 
fine structure o f mixed x /  y domains could only be revealed when it was oriented at 
a low-index zone axis. Figure 5.17 shows a typical pair o f TEM  BF and DF images 
o f one such domain inter-mixed with y and x, which was taken at a low-index zone 
axis (y /  x < 1 0 0 >).
Analyses o f  SADPs showed that the y and x phases were coherent with each other. 
Figure 5.18a shows a SADP taken from the above domain, revealing a 
superimposed x<100> and y<100> pattern. When using the M D  mode, the y<100>  
and x<100> patterns could be distinguished, as shown in figure 5.18c and 5.18d. 
The indexing key is given in figure 5.18b.
Figure 5.19a shows the super-imposed SADP, which could be identified as y<l 12> 
easily. When using the M D  mode the super-imposition o f y<l 12> and x<l 12> was 
found, as shown in figures 5.19c and 5.19d. The indexing key is shown in figure 
5.19b.
The orientation between the y and x phases is illustrated in figure 5.20, with y/x 
(010) being the habit plane. This orientation relationship is reasonable because y 
and x have very similar structure and lattice parameters. While being f.c.t 
structured with a =  0.4005 nm and c =  0.407 nm, the y cell is very close to a face 
centred cube (for the f.c.c x, a =  0.404 nm).
TEM  E D X  elemental maps for the Ti-53Al-15Cr deposit heat-treated at 1173K  
forlO hours are shown in figure 5.21. The Laves phase is evidently rich in Cr 
comparedw'rfk the other phases. The Cr was observed to be unevenly distributed
througrfj$he y/x domains. This could be attributed to the different y/x volume ratio 
among domains.
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5.2.3 The T i-50A l-20C r Deposit
Ti-50Al-20Cr deposit was produced using the continuous route. Unlike the other 
two Ti-Al-Cr deposits using the same processing route, the as-deposited deposit 
was completely amorphous. Isothermal heat treatment for the Ti-50Al-20Cr was 
carried out without Ar protection.
X R D  diffractograms
Figure 5.22 shows the X R D /. . a o f the Ti-50Al-20Cr heat treated at 1173K for 
3, 10 and 100 hours respectively. The peak broadening effect was evident for the 
sample heat-treated for 3 hours, which would suggest that the crystalline grains 
were still very small. Indexing o f the peaks led to the identification o f the Laves 
phase. TEM  was used to clarify whether the y and x phases were present. The 
complete XR D  data are given in table 6  in Appendix A .
SEM  studies
Figure 5.23 gives typical SEM BS images o f the Ti-50Al-20Cr deposit heat-treated 
at 1173K for 10 hours and 100 hours. Coarsening o f the microstructure is evident. 
Since the deposit was amorphous prior to heat treatment, randomly distributed 
precipitates were observed. In this deposit, the Laves phase, rather than y, was the 
dominant constituent. It is noted that, in the deposit heat-treated for 10 hours, the 
scale o f the microstructure near the deposit/substrate interface was significantly 
finer than in the bulk o f the deposit. This feature is attributed to higher nucleation 
rate near the deposit/substrate interface, presumably due to stresses erf the interface.
TEM  studies
For further phase identification, cross-sectional TEM  studies were conducted on 
the Ti-50Al-20Cr deposit heat-treated at 1173K for 100 hours. The C14 Laves and 
y phaseswere both identified, and the x phase was not found. Figure 5.24 shows a
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TEM  BF image and a DF image o f the specimen. It is seen that all the precipitates 
were equiaxed. Figure 5.25 shows the < 2 1 1 0 , <30 31 >, <5146 >  and <1012 >  
SADPs taken from the Laves phase. The y <101>, <110> and < 1 1 1> SADPs are 
given in figure 5.26.
m m
Figure 5.27 is a <110> SADP taken from a y phas^ and it was found to contain
also the Laves <1010> pattern. However, this seemingly obvious orientation 
relationship should be a coincidence, since it was not obseived repeatedly. This is 
in agreement with the result for the Ti-50Al-10Cr alloy, where no orientation 
relationship was found between the y and Laves phases. E D X  analyses showed that 
the compositions o f the Laves and y phases were around 32.8Ti-37.8Al-29.4Cr and 
44.1Ti-51.1Al-4.8C r (at.%) respectively.
5.3 Early Stage of Phase Transformation in the 
Amorphous Alloys
5.3.1 The Ti-48AI Deposit
The Ti-48A1 deposit was studied in order to understand the devitrification o f  
amorphous deposits. Work on this alloy formed the foundations for further work on 
the ternary alloys. At equilibrium, the Ti-48A1 alloy is veiy close to the (a+y) /  y 
phase-field boundary when the temperature is lower than HOOK, (see figure 2.2). 
Rapid solidification o f high temperature liquid o f this composition usually leads to 
the precipitation o f the a  phase, which then decomposes into a lamellar 
microstructure o f y and a 2  via the transformation path Liquid ->  a  y  +  a 2. 
Figure 5.28 shows the lamellar microstructure o f our Ti-50A1 substrate, which was 
cast from pure Ti and A l materials. The same alloy was also used as the target 
material to produce our Ti-48A1 deposit.
Heat treatments were carried out at 773, 873 and 973K  in air in order to study the 
devitrification o f the Ti-48A1 amorphous deposit. To determine the commencement
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o f transition and catch the early stages o f the phase transformation, samples were 
isothermally heat-treated for different length o f time, and an X R D  diffraction 
spectrum was acquired for each sample. The transition commencement was 
estimated when crystalline diffraction peaks emerged from the amorphous 
hillocks1.
XR D  analyses o f  the samples heat-treated at 773. 873 and 973K
First, the Ti-48A1 deposit was heat-treated at 773K  for various periods. Figure 5.29 
d m a tfo flr a m
gives the X R D /A o f the Ti-48A1 isothermally heat-treated for 5, 10, 15 and 20  
hours respectively, showing the phase evolution in the deposit. The sharp 
diffraction peaks were found in the samples heat-treated for 15 hours or longer. 
Only amorphous hillocks were observed in the samples heat-treated for shorter 
time.
Due to the similarity between the X R D  o f the a, a 2 and y phases, phase 
identification was not possible with only a few peaks appearing in spectra. TEM  
work confirmed the presence o f all three phases at a later stage. Therefore, the 
XR D  peaks could actually be the superimposition o f multi-phase diffraction. Table 
7 in Appendix A  lists the possible indices for the diffraction peaks found in the Ti- 
48A l heat-treated at 773K  for 15 hours.
diffractograms
Figure 5.30 gives the XR D  /V o f the Ti-48A1 heat-treated at 873K  for 10, 60 
and 120 minutes. It shows that devitrification has started within 10 minutes o f heat-
1 D S C  is  o f t e n  e m p lo y e d  t o  s tu d y  th e  c r y s ta l l is a t io n  o f  a m o r p h o u s  m a te r ia ls  a n d  t o  o b ta in  
th e r m o d y n a m ic  d a ta . F r e e -s ta n d in g  s a m p le s  a re  o f t e n  r e q u ir e d  f o r  th is  p u r p o s e  ( s e e  s e c t io n  2 .4 .4 ) .  
H o w e v e r ,  n u m e r o u s  a ttem p ts  t o  p re p a re  s u ita b le  s p e c im e n s  w e r e  n o t  s u c c e s s fu l  in  th is  w o r k . T h e  
m a jo r  o b s t a c le  w a s  th e  d i f f i c u l t y  <tf a cq u ir it fjp ith er  fr e e -s ta n d in g  s a m p le s , o r  s u f f i c ie n t  a m o u n t  o f  
d e p o s i t e d  m a te r ia ls . In  th is  w o r k , in  o r d e r  to  o b ta in  s a m p le s  f o r  D S C  s tu d ie s , f ir s t  a  th in  la y e r  o f  
m a te r ia l  w a s  c u t  o f f  f r o m  th e  c o a t e d  b u t to n . T h e  s l i c e  c o n t a in e d  b o t h  th e  d e p o s i t  a n d  s o m e  su b stra te  
m a te r ia l . T h e n  th e  s l i c e  w a s  g r o u n d  d o w n  f r o m  th e  s u b stra te  s id e  t o  a r o u n d  1 5 0  ~  2 0 0  p m  th ick . 
E v e n  s o , th e  d e p o s i t  w o u ld  a lw a y s  h a v e  m u c h  m o r e  s u b stra te  m a te r ia l  a tta ch e d  th a n  th e  d e p o s i t  
i t s e l f  ( th e  d e p o s it s  w e r e  a b o u t  2 0  ~  3 0  p m  t h ic k ) .  T h is  le d  t o  w e a k  h e a t  e x c h a n g e  p e a k s  u p o n  
d e v it r i f i c a t io n . A lt h o u g h  in  c e r ta in  c a s e s  h e a t  e x c h a n g e  c u r v e s  w e r e  in d e e d  o b s e r v e d ,  th e  p e a k s  
w e r e  s o  w e a k  that th e y  c o u ld  n o t  s e r v e  as a s tr o n g  e v id e n c e .  T h e r e fo r e ,  th e  D S C  t e c h n iq u e  c o u ld  
n o t  b e  u s e d  to  s tu d y  th e  d e v i t r i f i c a t io n  o f  a m o r p h o u s  d e p o s i t  in  th is w o r k .
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treatment. Figure 5.31 shows that devitrification occurred within 3 minutes at 
973K. The indexing o f XR D  results at 873K  and 973K is given respectively in 
table 8  and 9 in Appendix A. For simplicity, only one spectrum is given at each 
temperature in the appendix.
TEM  studies
The TEM  study was concentrated on samples heat-treated at 773K  for 15 hours and 
973K  for 3 minutes.
For the amorphous Ti-48A1 deposit heat-treated at 773K  for 15 hours, there were 
two types o f morphology in the deposit, apart from the amorphous phase:
i. isolated spherical a  crystallites embedded in the amorphous matrix, as shown 
in figure 5.32;
ii. the leafy domains containing the y and a  lamellar structure in the amorphous 
matrix, as shown in figure 5.33a; or nearly equiaxed domains containing the y 
and a  phases, as shown in figure 5.33b. The a  phase was also partially 
ordered (i.e. the a 2  phase was formed) in these domains.
Figure 5.34 shows the a  <2110>, <  1123> and < 2 423  >  MDPs taken from one o f  
the a  particlos-shown in figure 5.32. Figure 5.35a is a SADP taken from a y/ot mixed 
domain (as shown in figure 5.33), containing superimposed patterns o f y<101>,
a < 2 1 1 0  >. a 2  superlattice spots are also present, indicating the a  phase was partially 
ordered. Figure 5.35b is a MDP o f the same r^'avt . It resembles the pattern 
obtained in the as-deposited Ti-50Al-lQCr deposit by the continuous route (see 
figure 4.10). These two patterns show strong streaking in the a [ l l l ]  / /  y[0001] 
direction. For the indexing key see figure 4.10. Figure 5.35c shows the a<2110>  
MDP taken from such a domain. The y < 1 0 1> and < 1 1 1> MDPs are given in figure 
5.36. These results indicated that the metastable phase a  was formed first and that 
further heat treatment led to the precipitation o f y and a 2.
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The Ti-48A1 deposit heat-treated at 973K  for 3 minutes was also studied using 
TEM. In this sample the devitrification was complete. No amorphous phase was 
found. Figure 5.37 gives a typical TEM  BF image, showing the intermixed y/a  
domains (the a  phase is partially ordered). The lamellar y/a  structure is more 
clearly seen in figure 5.38. The selected-area ring pattern was taken from a 
relatively large area. The intensity o f the diffraction rings appeared to be uniform, 
indicating that the orientation distribution o f those domains was random.
Diffraction patterns confirmed the formation o f the a  and y phases in the Ti-48A1 
deposit heat-treated at 973K  for 3 minutes. Figure 5.39 shows the a<2110> /  
y<101> MDP with a 2  superlattice spots, which was taken from a y /a  domain. The 
a 2  diffraction indicates that the a  phase was partially ordered. Figure 5.40 shows
the MDP o f a < 01 10>  and y<112>. It was superimposed on the a<2110>  / y<101>  
pattern.
5.3.2 The T i-50A I-20C r Deposit
The same heat treatment strategy was used for the Ti-50Al-20Cr deposit, except 
that the heat treatments started from 873K  in order to shorten the devitrification 
starting time.
X R D  analyses o f  the samples heat-treated at 873. 923 and 973K  
Figure 5.41 shows the XRD  o f the Ti-50Al-20Cr deposit heat-treated at
873K. Sharp diffraction peaks emerged from the diffraction halo for the samples 
heat-treated for 3 hours. From previous experience, one or more o f the a , y and the 
Laves phases were expected in the deposit (since the Laves phase is a line 
compound, it is unlikely that it would precipitate before the solution phases). Phase 
characterisation was not possible due to the limited number o f peaks present.
diffractograms
The XR D  o f the Ti-50Al-20Cr heat-treated at 923K  are given in figure
5.42. They revealed that devitrification has stalled within 15 minutes o f heat 
treatment. Within 30 minutes, the Laves phase was also formed. Figure 5.43 shows
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that at 973K, devitrification occurred between 3 and 5 minutes. After 5 minutes at 
973K, the Laves phase was also formed.
TEM  studies
TEM  study was carried out on the sample heat-treated at 923K  for 15 minutes. 
Figure 5.44a is a TEM  BF image showing the distribution o f precipitate in the Ti- 
50Al-20Cr. The nano-scaled precipitates had a cubic configuration. Figure 5.44b 
shows a few faulted y precipitates. Figure 5.45 is a typical E D X  elemental map 
acquired for the Ti-50Al-20Cr deposit heat-treated at 923K  for 15 min. It shows 
that the y precipitates were poorer in Cr than the surrounding amorphous matrix.
SADP indexing led to the identification o f y phase. The Laves phase was not found. 
Figure 5.46 shows the y <112> MDP. The y precipitates also showed evidence o f y 
twinning, as shown in figure 5.44b. For example, figure 5.47 shows a MDP, which 
mainly consists o f y < 1 1 0 >, while superimposed with the y < 1 0 1 >  pattern.
5 .4  Texture Study on th e Ti-50Al-10Cr D eposit
As discussed earlier, the as-deposited Ti-50Al-10Cr deposits produced by the 
continuous route had a columnar structure, which mainly consisted o f  
y<l 1 l> //a < 0 0 0 2 >  fibres. This columnar structure remained during crystallisation 
at elevated temperatures.
Texture analysis was performed on the Ti-50Al-10Cr deposit heat-treated in Ar at 
1173K for 10 hours. Figure 5.48 is the y (111) axial pole figure for this deposit. It 
clearly shows that there was still a strong y ( 1 1 1 ) diffraction near 0 tnting =  0 °, i.e. y 
< 1 1 1 >  o f a large percent o f y precipitates parallel or nearly parallel to the deposit 
surface normal. Due to crystallisation, the intensity o f y (111) o f  the heat-treated 
sample decreased, compared with the as-deposited deposit. For the amorphous Ti- 
50Al-10Cr deposit, produced by the discontinuous route, the y (111) orientation
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was totally random after heat treatment, as indicated by the almost flat line in the 
diagram.
The y (002) and (200) orientation preference was also noted, as shown in figure 
5.49, These orientation preferences were much less significant than the y (111). The 
intensity peak o f y (002)/(200) appeared at around 55°, which approximates the 
interplanar angle between y (111) and (002)/(200) (0 {ni).(oo2 ) =  55.2°, 0 (ni).(2oo) =  
54.5°). Hence this observed orientation preference could be the result o f the y (111) 
texture.
5 .5  Summary
The phase equilibria status o f the Ti-Al-Cr deposits at 1173K is summarised as 
follows:
i. Ti-50Al-10Cr: y +  Laves. The y precipitates are equiaxed. The Laves phase 
may form within the y matrix.
ii. Ti-53Al-15Cr: y +  t  +  Laves. The Laves grains are equiaxed. The y and t  
phases precipitate in a finely intermixed manner, with y<0 0 1 >  / /  t< 0 0 1 >.
iii. Ti-50Al-20Cr: y +  Laves, crystalline precipitates o f both phases are equiaxed.
The morphology o f the deposits after heat treatment depends on the as-deposited 
microstructure. The texture (y< 111 >) in the crystalline as-deposited deposits was 
maintained, while in the amorphous deposits a random distribution o f the Laves 
phase precipitates was observed. No orientation relationship was observed between 
the y and Laves phases.
Devitrification o f the amorphous Ti-48A1 at 773K  and 973K  led to the phase 
transformation sequence: amorphous phase - »  a  a 2 +  y. The a/y phases 
precipitated exhibited an intermixed lamellar structure. The crystallisation in the
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amorphous Ti-48A1 deposit started within 15 hours, 1 0  minutes and 3 minutes 
during heat treatments at 773K, 873K  and 973K  respectively.
In the early stages o f devitrification o f the amorphous Ti-50Al-20Cr deposit, the y 
phase was formed in the amoiphous matrix. The y precipitates tended to have a 
cubic configuration. Twinning was observed within the y grains. The crystallisation 
in the amorphous Ti-50Al-20Cr deposit started within 3 hours, 15 minutes and 5 
minutes during heat treatments at 873K, 923K  and 973K  respectively.
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(a)
(b)
diffractograms
Figure 5.1 XR D  of (a) Ti-50Al-10Cr deposit (crystalline when as-
deposited) heat treated in Ar at 1173K for 100 hours, (b) Ti-50Al-10Cr deposit 
(amorphous when as-deposited) heat treated in air at 1173K for 10 hours. Diffraction 
indexing is illustrated in (b).
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(b)
Figure 5.2 (a) SEM SE image o f the crystalline Ti-50Al-10Cr deposit heat-treated
at 1173K with Ar flow for 10 hours, (b) SEM BS image o f the crystalline Ti-50A1- 
lOCr heat-treated at 1173K with Ar flow for 100 hours, both images showing the 
columnar structure. The bright precipitates are the Laves phase; the dark phase is the 
y-TiAl.
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Figure 5.3 SEM BS image o f the Ti-50Al-10Cr deposit after a heat treatment o f  
10 hours showing a random distribution o f precipitates. This deposit was amorphous 
in the as-received condition.
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Figure 5.4 SEM BS image o f the Ti-50Al-10Cr deposit heat-treated at 1173K  
with continuous Ar flow for 100 hours showing that a thin layer o f oxide scale was 
formed. This deposit was produced by the continuous route.
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(b)
Figure 5.5 (a) TEM BF image of the Ti-50Al-10Cr deposit heat-treated at 1173K
with continuous Ar flow for 100 hours, showing equiaxed precipitates of the y and 
Laves phases, (b) TEM BF image showing a few spherical Laves phase precipitates in 
a y grain. This deposit was produced by the continuous route and had a columnar 
structure.
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(e) (f)
Figure 5.6 TEM SADPs taken from the y phase in the Ti-50Al-10Cr deposit heat- 
treated at 1173K for 100 hours, showing (a) <100>, (c) <101> and (e) < 1 1 1> 
patterns; the indexing keys are shown on the right hand side o f each pattern. This 
deposit was produced by the continuous route and had a columnar structure.
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Figure 5.7 TEM SADPs taken from the C14 Laves phase in the Ti-50Al-10Cr 
deposit heat-treated at 1173K for 100 hours, showing the (a) <0001>, (c) <1012 >  
patterns. The indexing keys are shown on the right hand side o f each pattern 
(continued in the next page).
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Figure 5.7 (Continued) SADPs taken from the Laves phases in the Ti-50Al-10Cr 
deposit heat-treated at 1173K for 100 hours, (e) <2110> and (g) <3031 >  patterns. The 
indexing keys are shown on the right hand side o f the patterns. This deposit was 
produced by the continuous route and had a columnar structure.
Chapter 5 Heat-treated Deposits 102
A IK a, 4 7  T iK a , 61
j  Q
Figure 5.8 Typical yTEM ED X maps for the Ti-50Al-10Cr deposit heat-treated 
with Ar flow at 1173K for 100 hours, showing the compositional difference between 
the y and Laves phases. The deposit was produced by the continuous route and had a 
columnar structure.
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Figure 5.9 TEM ED X elemental maps acquired for a Laves phase particle
/ V
embedded m a y  gram, showing that it was richer in Cr and slightly poorer in Al than 
the surrounding y phase. The particle is about 100 nm in diameter.
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(c) (d)
Figure 5.10 MDPs taken from the Laves phase embedded in a y grain, showing (a)
<41 56 >  and (b) <3031 >  patterns, (c) and (d) give the corresponding indexing keys.
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Figure 5.11 A  TEM DF image taken from the Ti-50Al-10Cr deposit heat-treated at 
1173K for 100 hours, showing two twinned y  grains. This deposit was produced by 
the continuous route and had a columnar structure.
(a) (b) (c)
by
Figure 5.12 (a) Two y  < 1 10> SADPs related/Jwinning. (b) The y  < 1 10> of
one of the grains, (c) The indexing key to the SADP in (a).
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(b)
diffractograms
Figure 5.13 X R D  A f  the Ti-53Al-15Cr deposit heat-treated in air for (a) 10
hours, (b) 100 hours; the diffraction indexing is given in (a). This deposit was 
produced by the continuous route.
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Figure 5.14 A typical cross-sectional SEM BS image of the Ti-53Al-15Cr deposit 
heat-treated in air at 1173K for 10 hours.
Figure 5.15 A typical TEM BF image showing the Laves Ti(Cr,Al) 2  phase and the 
y/t intermixed domains formed in the Ti-53Al-15Cr deposit, which was heat-treated 
at 1173K for 10 hours. This deposit was produced by the continuous route.
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(C) (d)
Figure 5.16 SADPs taken from the Laves phase in the Ti-53Al-15Cr deposit heat-
treated at 1173K for 10 hours, (a) <2113 >  and (b) <2110 >  SADP. The indexing keys 
are given in (c) and (d) respectively.
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(b)
Figure 5.17 (a) TEM BF image and (b) the corresponding DF image showing a
domain containing inter-mixed y and x phases in the Ti-53Al-15Cr deposit heat- 
treated at 1173K for 10 hours. The two images were taken at the y/x <100>  zone axis.
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(C) (d)
Figure 5.18 (a) SADP taken from the y/x inter-mixed domain, shown in figure
5.17, which gives the superimposed y <100> and y <100> pattern; the indexing key is 
given in (b). The diffraction o f y and x was distinguished by MDPs: (c) shows the y 
< 1 0 0 >  diffraction and (d) shows the x < 1 0 0 >  diffraction.
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Figure 5.19 (a) SADP taken from a y/x inter-mixed domain, showing y < 1 12> and
x < 1 1 2 >  patterns; the indexing key is shown in (b) where squares represent the x 
diffraction and solid dots are the overlapped y and x diffraction. The diffraction o f y 
and x were distinguished by MDPs; (c) gives the y <112> diffraction and (d) shows 
the x < 1 1 2 >  diffraction.
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Figure 5.20 Schematic illustration o f the orientation relationship between the x 
phase (left) and the y phase (right).
Figure 5.21 TEM ED X elemental maps acquired from the Ti-53Al-15Cr deposit 
heat-treated at 1173K for 10 hours, showing the compositional difference between the 
Laves phase and the y/x domains.
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(c)
diffractograms
figure 5.22 X R D  o f the Ti-50Al-20Cr deposit heat-treated in air (a) at
1173K for 3 hours; (b) at 1173K for 10 hours, (c) at 1173IC for 100 hours. The 
broadened peaks in (a) indicate small sizes o f the crystal grains in the deposit. The 
identification o f diffraction peaks is given in (c). This deposit was produced by the 
continuous route.
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Figure 5.23 Cross sectional SEM BS images o f the Ti-50Al-20Cr deposit heat- 
treated at 1173K for (a) 10 hours and (b) 100 hours. This deposit was produced by the 
continuous route.
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(b)
Figure 5.24 (a) TEM BF and (b) DF images, showing a cross section o f the Ti-
50Al-20Cr deposit heat-treated at 1173K for 100 hours.
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Figure 5.25 SADPs taken from the Laves phase in Ti-50Al-20Cr heat-treated at 
1173K for 100 hours, showing the (a) <2110> (b) <30 31 >  (c) < 5 1 4 6 >  and (d) 
<1012 >  patterns. The indexing keys to (c) and (d) are given in (e) and (f). For 
indexing keys to (a) and (b), see figure 5 .7 f and 5.7h respectively.
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(C) (d)
Figure 5.26 SADPs taken from the y phase in the Ti-50Al-20Cr heat-treated at 
1173K for 100 hours, showing the (a) <101> (b) <110> and (c) < 1 1 1> patterns. The 
indexing key to (b) is given in (d); for indexing keys to (a) and (c), see figures 5.6d 
and 5 .6 f respectively.
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(a) (b)
Figure 5.27 (a) A  SADP taken from the Ti-50Al-20Cr deposit heat-treated in air at
1173K for 100 hours, showing the superimposed y <101> and Laves < 1 01 0>  
patterns. The indexing key is given in (b).
Figure 5.28 TEM BF image showing the lamellar y /a 2 microstructure o f the Ti- 
50A1 substrate.
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diffractograms
Figure 5.29 XR D  t)f the Ti-48A1 deposit heat-treated at 773IC for 5, 10, 15
and 2 0  hours, showing that crystallisation occurred within 15 hours.
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diffractograms
Figure 5.30 XR D  o f the Ti-48A1 deposit heat-treated at 873IC, showing that
crystallisation occurred within 10 min. Diffraction peaks are identified for the deposit 
heat-treated fori 2 0  minutes.
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diffractograms
Figure 5.31 XR D  . _ . j o f  the Ti-48A1 deposit heat-treated at 973K, showing that
crystallisation occuri'ed within 3 min. Diffraction peaks are identified for the deposit 
heat-treated for 30 minutes.
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F i g u r e  5 . 3 2  ( a )  T E M  B F  a n d  ( b )  D F  i m a g e s  o f  a  c r y s t a l l i t e s  f o r m e d  i n  t h e  T i - 4 8 A 1
d e p o s i t ,  w h i c h  w a s  h e a t - t r e a t e d  a t  7 7 3 K  f o r  1 5  h o u r s .
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( b )
F i g u r e  5 .3 3  ( a )  T E M  B F  i m a g e  s h o w i n g  s o m e  l e a f y  y / a  d o m a i n s  f o r m e d  in  t h e  t h e
T i - 4 8 A 1  d e p o s i t ,  w h i c h  w a s  h e a t - t r e a t e d  a t  7 7 3 K  f o r  1 5  h o u r s ;  t h e  l a m e l l a r  s t r u c t u r e  
i s  d i s c e r n i b l e  in  t h e  c r y s t a l l i n e  d o m a i n s ,  ( b )  T E M  B F  i m a g e  o f  t h e  s a m e  s p e c i m e n ,  
s h o w i n g  a  d i s t r i b u t i o n  o f  a l m o s t  e q u i a x e d  y / a  d o m a i n s .  T h e  n e t w o r k  o f  g a p s  
i n d i c a t e s  t h a t  t h e  v i e w i n g  a r e a  i n  ( b )  w a s  c l o s e  t o  t h e  d e p o s i t i o n  s u r f a c e .
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Figure 5.34 (a) oc<2110> MDP taken from an a  precipitate shown in figure 5.32;
(b) a < 11 2 3 >  MDP taken from the same a  particle and (c) its indexing key; (d) 
a <  2423 >  MDP taken from the same a  particle and (e) its indexing key.
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(C)
Figure 5.35 (a) A  SADP taken from an y/a domain in the Ti-48A1 deposit (heat-
treated at 773K for 15 min) and (b) the MDP taken from the same domain, showing a  
<2110 >  and y <101> and superlattice spots o f a 2. Both patterns show strong streaking
in the [ 1 1 1 ]Y / /  [000l]a direction. See figure 4.10 for the indexing keys, (c) a<2110>  
MDP.
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Figure 5.36 MDPs taken from the y/a domain in the Ti-48A1 deposit (heat-treated 
at 773K for 15 min), showing (a) y <101> and (b) y <111> MDPs. See figure 4.10 
and 5.6 for the indexing keys.
Figure 5.37 TEM BF image of the Ti-48A1 deposit heat-treated at 973K for 3 min, 
showing equiaxed y/a domains. These domains are about 100 nm in diameter.
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Figure 5.38 A TEM BF image of the Ti-48A1 deposit heat-treated at 973K for 3 
min, showing lamella structured y/a domains. The SADP was taken using a large 
aperture. The continuous rings indicated that the orientation distribution of those 
domains was random.
Figure 5.39 A MDP taken from the y/a domain in the Ti-48A1 deposit (heat-treated 
at 973K for 3 min), showing a  <2110 > and y <101> and superlattice spots of a 2. Both 
patterns showed strong streaking in the [11 l]y / /  [000 l]a direction. See figure 4.10 for 
the indexing keys.
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Figure 5.40 (a) a < 01 1 0>  / /  y < 1 12> MDP superimposed on the MDP as shown in
figure 5.35b. (b) Illustration showing the two sets o f patterns. See figures 4.10 and
4.11 for the indexing keys.
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Figure 5.41 XRD A . o f  the Ti-50Al-20Cr deposit heat-treated at 873K. 
Crystalline diffraction peaks emerged from the amorphous hallo in the sample heat—  
treated for 3 hours. The sharp spikes resulted from noise.
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Figure 5.42 XRD ■ / o f  the Ti-50Al-20Cr deposit heat-treated at 923K. The 
crystalline diffraction peaks emerged from the amorphous halo in the sample heat- 
treated for 15 min, indicating that crystallisation started within 15 min.
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Figure 5.43 XRD A ’ o f  the Ti-50Al-20Cr deposit heat-treated at 973K. The 
crystalline diffraction peaks emerged from the amorphous halo in the sample heat- 
treated for 5 min, indicating that crystallisation stalled between 3 ~ 5 min.
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Figure 5.44 TEM BF images taken from the Ti-50Al-20Cr deposit heat-treated at 
923K for 15 min. (a) An overall view of y precipitates embedded in the amorphous 
matrix. Many of them appeared to be cubic. The precipitates were about 100 nm in 
diameter, (b) A higher magnification BF image, showing a few y precipitates 
containing twinned domains.
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Figure 5.45 TEM EDX elemental map acquired for the Ti-50Al-20Cr deposit heat- 
treated at 923K for 15 min, showing that the y precipitates were poorer in Cr than the 
surrounding amorphous matrix.
Figure 5.46 y <112> MDP taken from the Ti-50Al-20Cr deposit heat-treated at 
923K for 15 min (see figure 4.11 for the indexing key).
Chapter 5 Heat-treated Deposits 133
O o O o O
(110) •
CL o 0 , - 0 tD °  O
O o  ( V  6  #  o o O
! / (002)
:/ #
O O Q  o o  O
(020)
O o O o O
# - Y < 1 0 l >  O  - y < 1 1 0 >
(a) (b)
Figure 5.47 (a) A MDP o f y <110> // y <101> taken from the Ti-50Al-20Cr deposit
heat-treated at 923K for 15 min. The indexing key is given in (b).
t ilt  an gle
Figure 5.48 y( 111) axial pole figures for the Ti-50Al-10Cr deposits. X —
discontinuous route; Y —  continuous route.
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tilt angle
Figure 5.49 y(200) and y(002) axial pole figures for the Ti-50Al-10Cr deposits. X
—  discontinuous route; Y  —  continuous route.
Chapter 6 Thermodynamics and Kinetic Aspects of Phase Evolution
in the Ti-Al(-Cr) Deposits______________________________________________
135
C h a p t e r  6  
T h e r m o d y n a m i c  a n d  K i n e t i c  A s p e c t s  o f  
P h a s e  E v o l u t i o n  in  t h e  T i - A I ( - C r )  D e p o s i t s
6 .1  Introduction
The Ti-Al-Cr deposits produced by magnetron sputter deposition had different 
microstructures, namely amorphous or crystalline, depending on processing 
conditions and target compositions. When heat-treated, the devitrification o f the 
amorphous Ti-Al(-Cr) led to the formation o f  stable and/or metastable crystalline 
phases. In this chapter the phase competition during deposition and heat treatment 
is discussed using thermodynamic modelling and nucleation theory.
6 .2  Amorphous Phase Form ation  in the Ti-Al-Cr 
System
6.2.1 The Ti-48A1 Deposit
As discussed in chapter 4, under the discontinuous route, the magnetron sputter 
deposition produced the amorphous Ti-48A1 alloy. Under this depositing scheme 
the substrate temperature was estimated to be less than 473K.
Thermodynamic analysis in this work used the equilibrium thermodynamic data o f 
the Ti-Al and Ti-Al-Cr systems, which is based on the database o f  titanium alloys 
developed at the University o f  Surrey. The database has been used to model the 
phase equilibria in Ti-Al-Cr alloys successfully, showing good agreement with 
experimental results (Shao, 1999b). Due to the absence o f  data for the 
thermodynamic parameters o f the amorphous Ti-Al(-Cr) alloys, this data was 
estimated using the existing database and Shao’s model (Shao, 2000a).
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According to this model, the Gibbs energy o f  the amorphous phase can be related 
to the high temperature liquid phase and the ground-state stable phases based on 
the following two fundamental assumptions (Shao, 2000a):
i. The maximum entropy change due to glass transition would not exceed the 
entropy change due to crystallisation o f  the ground-state crystalline phase. 
This constraintis in agreement with the third law o f thermodynamics.
ii. The maximum value o f  the glass transition temperature would not exceed
0.75x7; (Tm is the melting point o f  the alloy). This imperial rule is in 
agreement with numerous experimental observations (Shao, 2000a).
phose.
On this basis, the thermodynamic parameters for amorphous^stabilisation in the 
Ti-Al(-Cr) system are related to alloy compositions and temperature. The detailed 
formulation o f these parameters was given in section 2.4.5.
Figure 6.1 shows the estimated maximum glass transition temperature for the Ti- 
48Al alloy, assuming Tg < 0.757; (Tg is the glass transition temperature). Figure
6.2 shows the entropy as a function o f  temperature for the amorphous phase, which 
was derived using Shao’s model. In comparison, the entropy curves o f  the h.c.p a- 
Ti, f.c.c Al, y-TiAl and a2-Ti3Al phases in the Ti-48A1 alloy are also given. These 
phases are possible candidates to form when the Ti-48A1 liquid or vapour rapidly 
consolidates. Figure 6.2 shows that as the temperature increases, the entropy o f  the 
amorphous phase approaches that o f  the liquid phase. As the temperature 
decreases, the entropy o f  the amorphous phase should approach that o f the most 
thermodynamically stable crystalline phase in the system, in this case the y-TiAl.
Figure 6.3 shows the Gibbs free energy o f  the amorphous phase plotted as a 
function o f  temperature. The liquid phase was used as the reference state in this 
diagram. The continuous change o f  the free energy o f the amorphous phase into the 
liquid is "' •*+' b characteristic o f  a second order phase transformation. For 
comparison, the free energies o f  the a-Ti (h.c.p), a2-Ti3Al, f.c.c-Al and y-TiAl 
phases are also shown in the diagram. Since G -  H  -  T- S, the slope o f the free
energy curve corresponds to the value o f entropy. The diagram shows that as the 
temperature decreases, the free energy curve o f  the amorphous phase becomes 
parallel to the y-TiAl, the ground-state phase in the Ti-48A1 alloy.
Figure 6.4 gives the Gibbs free energy curves o f  the competing phases in the Ti-Al 
alloy system as a function o f  Al concentration. The short vertical line marks the 
position o f the Ti-48A1 alloy in the Ti-Al system. The grey line indicates the 
common tangent between the h.c.p a  phase and the y-TiAl phase. It shows that the 
Ti-48A1 alloy is on the edge o f  equilibrium with the a  phase. Thus, the equilibrium 
Ti-48A1 microstructure must be y based. However, y-TiAl is an intermetallic 
compound. Due to kinetic limitations, the formation o f y could be less favourable 
under non-equilibrium conditions than the disordered phases, in particular, the h.c.p 
a  phase in this case.
As indicated by the thermodynamic assessment o f  the amorphous phase in this 
study, the free energy o f  the amorphous phase is not very much higher than the 
disordered solution phases, e.g. the h.c.p a  phase, as shown in figures 6.3 and 6.4. 
In particular, in the case o f  rapid quenching o f  the Ti-48A1 vapour to a low 
temperature, the free energy o f the vapour phase would be high above any o f  the 
condensed phases. Thus, the driving force for the formation o f  one solid phase 
would not be too much different .from that o f  another, including the amorphous 
phase. Therefore, kinetics would be expected to play an important role in phase 
selection.
6.2.2 The Ti-Al-Cr Deposits
A brief summary o f  the as-received status o f  the temaiy alloy deposits is given 
here: three deposits were produced by the continuous route, Ti-50Al-10Cr, Ti- 
53Al-15Cr and Ti-50Al-20Cr. The Ti-50Al-20Cr deposit was completely 
amorphous. The Ti-50Al-10Cr and Ti-53Al-15Cr deposits were almost crystalline, 
with a thin layer o f  the deposit near the deposit/substrate interface being
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amorphous. The amorphous Ti-50Al-10Cr deposit with a small amount o f 
crystalline embryos was produced by the discontinuous route. For the continuous 
route, the substrate temperature was estimated to be about 623K.
Figures 6.5 to 6.7 give the entropy curves as a function o f temperature for various 
Ti-Al-Cr alloys. The Gibbs free energy curves as a function o f temperature are 
given in figures 6.8 to 6.10 for the Ti-50Al-10Cr, Ti-53Al-15Cr and Ti-50Al-20Cr 
alloys respectively, where the liquid phase was used as the reference state. The 
solution phases, h.c.p a, f.c.c Al and the intermetallic y phase are shown for 
comparison with the amorphous phase. Other intermetallic phases such as the t 
phase and the C14 Laves phases were not included in the calculation, because it 
would be very difficult for these line compounds to form during rapid quenching 
from the vapour phase, even though they have low free energy values. Here the y 
phase is considered for phase competition, because it is relatively 
thermodynamically stable with a large alloying solubility range, both o f  which 
render its formation easy as a combined result o f  thermodynamic and kinetic 
factors. The b.c.c-B2 Cr phase can also be ignored for phase competition, since all 
the Ti-Al-Cr alloys studied in this thesis were far from the Cr comer on the ternary 
phase diagram.
According to the free energy diagrams in figures 6.8 to 6.10, the solution phases 
are less stable than the intermetallic phase, i.e. the y phase. At intermediate 
temperatures (e.g. around 700K) or lower, the free energy o f  the amorphous phase 
is not very different from the solution phases. The free energy o f  the amorphous 
phase continues to approach the solution phases (f.c.c and h.c.p), as the temperature 
decreases further. If the temperature is low enough, the amoiphous phase would be 
equally or even more stable than the solution phases. In Ti-50Al-10Cr, the 
amorphous phase and the h.c.p a phase become equally stable at around 300K. hi 
Ti-53Al-15Cr this temperature is about 400K. In the Ti-50Al-20Cr deposit the 
amorphous and h.c.p a  phases become equally stable within the range *" 400K to- 
500K. Therefore, if the precipitation o f  the ordered intermetallic phase(s) were
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suppressed during deposition, the solution phase, i.e. the a  phase, would not be 
much more thermodynamically favoured than the amorphous phase. This actually 
allows the amorphous phase to compete with the solution phases during non­
equilibrium processing not only from a kinetic point o f view but also from a 
thermodynamic aspect. This is consistent with the microstructures in the as- 
received deposits, which showed that the discontinuous route produced an 
amoiphous Ti-50Al-10Cr alloy. Furthermore, the microstructures formed in the 
early stage o f  deposition o f the Ti-50Al-10Cr and Ti-53Al-15Cr deposits obtained 
from the continuous route were also amorphous.
Figures 6.8 to 6.10 would suggest that with increasing Cr addition, the free energy o f  
the amorphous phase becomes closer to that o f  the solution phases. Figures 6.11 to 6.13 
show the free energy curves plotted against Cr concentration for the Ti-50Al-xCr alloys 
at various temperatures. The pure elements were used as the reference state. e 
These diagrams clearly suggest an increased stability o f the amorphous phase as the 
Cr concentration increases. At these temperatures, the free energy curves o f the 
amorphous phase and the h.c.p solution phase are very close around the 
composition Ti-50Al-20Cr. At 500K, the free energy o f  the two phases is almost 
equal at this composition. This is in good agreement with the microstructure o f the 
as-received deposits produced by the continuous route, which showed that 
crystallisation occurred in the Ti-50Al-10Cr and Ti-53Al-15Cr alloys, while the Ti- 
50Al-20Cr alloy was amorphous.
6.2.3 Surface Diffusivity and Amorphous Phase Formation
Amorphous phase formation in co-deposited materials has been attributed to the 
suppression o f  crystallisation owing to limited surface diffusion (Cantor and Cahn, 
1976, Saunders and Miodownik, 1985, 1987). The kinetic limit due to surface
diffusion can be characterised by an effective diffusion distance x , which is given 
as (Saunders and Miodownik, 1985, 1987):
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where a  is the atomic spacing, R is the deposition rate and Ds is the surface 
diffusion coefficient. According to the studies o f  the phase transformation kinetics 
(Saunders and Miodownik, 1985,1987, Shao and Tsakiropoulos, 2000b):
i. ordering in alloys would be prohibited and a single disordered solution phase 
could form, if * «  a  .
ii. for x > 5  nm, the stable phase(s) would form, including the ordered phase.
Shao and Tsakiropoulos (2000b) also suggested that xcO .ln m  is a reasonable 
criterion for the suppression o f  ordered phases in metallic alloys.
The surface diffusivity o f  metallic systems can be approximated as (Shao and 
Tsakiropoulos, 2000b):
Ds«  10'7eAy(-10 -T,„ / T) (6.2)
The solidus temperature o f  Ti-48A1 is about 1733IC. In our case the deposition rate 
is R — 10"9 m/s. Given a  = 0.4 nm, one can obtain the values o f  x  at different
substrate temperatures, which are given in table 6.1. According to this calculation,
-  cmA
if  the substrate temperature is higher than 623K, * is' greater than 0.1 nm,/the
formation o f the ordered phase, y, in the Ti-48A1 deposit would be possible. If the 
substrate temperature is less than 573K, x  is less than the atomic spacing, thus y 
formation would be suppressed. As the substrate is kept to even lower temperatures 
(e.g. 473K, which is the estimated substrate temperature for the Ti-48A1 deposit
produced in this work), x would be far less than the atomic spacing and even the 
formation o f  the disordered solution phase (h.c.p a) would be difficult.
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Data about phase competition between amorphous phases and disordered solution 
phases in Ti-Al deposits are also available in the literature. Both amorphous and 
crystalline Ti-Al deposits produced by sputter deposition have been reported (Abe 
et al., 1994, Padmarabu et al, 2000, Baneijee et al, 1996). Baneijee et al (1996) 
found ft small amount o f  a-Ti(Al) crystals embedded in an amorphous Ti-48A1 
deposit. The Ti-52A1 deposit studied by Abe et al (1994) was completely 
amorphous. Unfortunately, the deposition temperature was not reported in either 
case.
Padmaprabu et al used pure Ti and Al dual targets in co-deposition and produced 
amorphous Ti-xAl thin films on silicon substrate (Padmarabu et a l, 2000). The 
substrate temperature (TSUb) was controlled and Al concentration x  was found to 
increase with Tsub. When TSUb was below 573K, amorphous Ti-xAl deposits were 
obtained. The Al concentration in the deposit was estimated to be within the range 
35 to 55at.%. At higher Tsub, crystalline deposits consisting o f  y-TiAl were 
produced. The Al content was also found to be higher than those obtained below 
573K, akcL increased from 55.8% to 62.15%.
Table 6.1 Effective mean diffusion distance in Ti-48A1 deposit.
Tsub (K) Al (at%) Ds (m2/s) x (mu) Comment
Assessment of the Ti-48A1 produced in this work
Tm = 1733K.
473 48 1.22xl0'23 2.2x1 O'3 Ordered phase
523 48 4.07x1 O'22 1.3x1 O’2 formation suppressed
573 48 7.33xl0'21 5.4x10‘2
623 48 8.30xl0‘20 1.8x10'1 Ordered phase
673 48 6.56xl0'19 S.lxlO’1 formation possible
For deposits produced by Padmaprabu et al (2000)
573 55.8 1.55xlO’20 0.249 Ordered phase
673 58.0 1.48x1 O'18 2.43 formation possible
773 60.9 5.03xl0'17 14.18 Ordered phase
873 62.2 6.78xl0'16 52.08 formation allowed
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The results o f  Padmaprabu et al. (2000) were evaluated in this thesis using the effective 
diffusion distance at different substrate temperatures with their reported deposition rate
o f  lxlO-10 m/s. These results are detailed in table 6.1. They show that x values o f  the 
alloys produced at 573K and 673K are greater than 0.1 nm and less than 5 nm. This 
suggests that it is possible to form the ordered phase (in this case, the y phase) during
deposition. For alloys produced at a substrate temperature o f  773K and above, x 
becomes greater than 5 nm. Thus ordered phase formation becomes inevitable.
Table 6.2 Effective mean diffusion distance in Ti-Al-Cr deposits.
Tsub (K) Ds (m2/s) x (mn) Comment
Ti-50Al-10Cr 
Tm= 1662K 
473 5.5xl0'23 4.7xl0‘3 Phase separation
523 1.6x1 O’21 2.5x1 O'2 Suppressed
573 2.5xlO"20 0.10
623 2.6x l0‘19 0.32 Phase separation
673 1.9xl0'18 0.87 Possible
Ti-53Al-15Cr 
Tm = 1688K 
473 3.17xl0*23 3.6x10'3 Phase separation
523 9.6x1 O'22 2.0x 10'2 Suppressed
573 1.6xlO‘20 8.0x 10‘2 .
623 1.7xl0'19 0.26 Phase separation
673 1.3xl0' 18 0.72 Possible
Ti-50Al-20Cr 
7],, = 1715 
473 1.79xl0"22 2.7xl0'3 Phase separation
523 5.7x10*22 1.5x1 O'2 Suppressed
573 1.0x1 O'20 6.3x1 O'2
623 l.lx lO '19 0.21 Phase separation
673 8.6x l0‘19 0.59 Possible
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Calculations o f  effective diffusion distance were done in the same way for ternary 
alloys produced in this thesis and are shown in table 6.2. For all the three alloys, the x 
values are greater than 0.1 mn and less than 5 nm at temperatures higher than 623IC. 
This suggests that the ordered phase may be able to form (the substrate temperature was 
about 623K during the continuous deposition). At temperatures less than 573K, x 
becomes less than the atomic spacing a. Thus, only disordered phase is allowed to 
form. At 473IC (the substrate temperature was about 473K during the discontinuous 
deposition), x  becomes smaller than a  by about two orders o f  magnitude. This could 
suppress even the disordered solution phase formation and lead to the formation o f  the 
amorphous phase. It is also seen that at the same substrate temperature, x decreases as 
the Cr content increases. This is in agreement with the experiments in this work, since 
under the same processing conditions, Ti-50Al~20Cr was amorphous, while the other 
two ternary alloys, with less Cr content, were crystalline.
6 .3  Phase Com petition in th e Amorphous Alloys 
during H eat-Treatm ent
6,3.1 The Ti-48A1 Deposit
From 573K to 1273K, the h.c.p solution phase a, and the intermetallic phases a2- 
Ti3Al and y-TiAl are all more stable then the amorphous phase at the composition 
around 50at.% Al (see figures 6.3, 6.4 and 6.14). The equilibrium phase in Ti-Al 
alloys with 47 to 57at% Al is the y-TiAl.
The heat-treatments on the Ti-48A1 deposits at intermediate temperatures, i.e. at 
773, 873 and 973K, suggested that devitrification o f  the amorphous phase led to the 
formation o f the h.c.p a  phase. The y phase was then precipitated, coherent with the 
a  phase, resulting in the lamellar microstructure o f  the partially ordered a phase 
and the y-TiAl. This precipitation sequence can be expressed as:
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Amorphous -+ a —> a/ai + y
Abe et al observed the precipitation o f  the DO19 a2 phase during the early stages of 
crystallisation in their Ti-52A1 thin-film heat-treated at 800K. This was followed by 
a transformation to the equilibrium y-TiAl phase (Abe et a l , 1994). Baneijee et al 
observed coexistence o f  both y and a2 with a small amount o f  retained a-Ti(Al) 
phase in their Ti-48A1 deposits during heat treatment (Baneijee, 1996). Heat 
treatment at higher temperature led to rapid precipitation o f the y-TiAl phase 
(Baneijee et a l, 1996). It is noted that the crystallisation time during heat treatment 
at 773K, o f  our deposit was much longer than that reported by Abe et al. We 
observed a time lag o f about 13 hours for the nucleation o f  the disordered a-Ti(Al) 
phase, while Abe et al observed that the ordered a 2 phase was formed after 2.5 
minutes in their Ti-52A1 thin-film. This discrepancy could be attributed to the fact 
that their Ti-52A1 film was thinner (less than 2 pm thick), where surface diffusivity 
would be dominant during nucleation.
According to the classical time-dependent nucleation theory, there is a time lag 
before the nucleation rate reaches steady state. Experimentally, it is always difficult 
to track the time-dependent nucleation rate. However, time lag, i.e. the transient 
time, can be estimated from experimental observations. In this work, the estimated 
time lag was compared with the theoretical evaluation using the analytical solution 
o f  the transient nucleation formulation.
The devitrification o f  an amorphous metallic material can be described by the 
Fokker-Plank equation (Volmer and Weber, 1926, Beker et a l, 1935). The time- 
dependent nucleation rate can be approximated as (Wakeshima, 1954):
= / '[ l - e x p ( - r / r ) ]  (6.3)
where I s is the steady state nucleation rate, n * is the critical nucleus size, and t is 
the transient time. Nucleation reaches steady state only when t > t. Thus, one can
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study the low temperature nucleation behaviour o f  the amoiphous alloys using time 
dependent nucleation. For heterogeneous nucleation o f  a crystalline phase, the 
transient time is (Shao and Tsakiropoulos, 2000b):
16B m  a 4 a mT
I - c o m  d lxejr DAGl X • ’
<7m «  0.44 x|£fn| + 500 (J/mol) (6-5)
where R is the gas constant, a  is the average atomic jump distance, Va( = da , da is 
the average atomic diameter) is the average atomic volume, crm is the molar 
interface free energy, Hm is the molar latent heat o f fusion, AGm is the molar 
volume Gibbs free energy o f nucleation, D is the solid state interdiffusion 
coefficient in this case (or the surface diffusivity in the case o f  thin-films). On the 
basis o f  published experimental data, Cottrel was able to conclude that the D  can be 
approximated by
D  = D0 exp(-™ ) 6^‘
where A = Q/R& 20Tm, Q is the activation energy, R is the gas constant, Tm is the
melting temperature and T is temperature in degrees Kelvin (Cottrel, 1975). 
Considering that the diffusion coefficients o f  solid metals at Tm are usually ~ 10"13 
m2/s (Cottrell, 1975), one can have D0 «  5x10"5j?22/^(Shao and Tsakiropoulos, 
2000b).
For heterogeneous nucleation,
/(6>) = ( 2 -3 co s0  + cos3 <9)/4 (6.7)
where 0 is the wetting angle. For non-wetting conditions, 6 - 180° and f (0 )  = 1.
Equation 6.5 is from Turnbull (Turnbull, 1950) and considers a non-zero interfacial 
energy between phases o f  different structures. The term xe// takes into account the 
composition o f  the nucleating phase in alloys (Shao and Tsakiropoulos, 1994).
When the phase formed is o f  composition different from that o f the melt, 
x ejr ~ x s ! x L\s often used to adjust the composition effect. The x s is the nucleus
composition in terms o f  the rich component. At equilibrium, xs can be determined
by applying the common tangent to the Gibbs energy curves o f the mother and 
child phases. In metastable conditions, phase transformation is largely dependent 
on the thermodynamics at the grain boundary. The composition o f a new-bom 
phase can fall inside the two-phase field with its mother phase. This was discussed 
in the literature review, section 2.3.1. The composition o f the new- bom phase 
could be within the two intersecting points on the common tangent o f  the mother 
phase and child phase.
In this work, a probability term and a structural term were introduced to account for 
both compositional and structural effects by defining xe/f = P  x S, where P  is an 
effective probability and Sis a structure factor.
The term P  shows that the nucleation o f a solution phase is easy when its 
composition is close to the composition o f  the alloy. The term P  is defined as 
follows: assume an infinitely large quantity o f an A-B alloy. The formation o f 
clusters will not alter the bulk alloy composition. The probability o f  forming a 
cluster o f  m atoms with k o f  them being A atoms is
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, ml
where p  = xA is the concentration o f A in the alloy and C = ---------------. This
k\(m-k)\
function is illustrated in the example in figure 6,15. This figure shows the 
probability distribution o f  forming a cluster containing /c solute atoms in an alloy 
with the solute concentration being 33at.%.
If the clusters can form within a composition range (xIt x2), the probability o f 
having a cluster falling in this range is given by
k 2
P{k, StSA :2} = £  c t p k(J -p )" 'k (6-9)
where kj = mxi, k2 = mx2. In figure 6.15, equation 6.9 is represented by the grey 
area, if  the solute atoms are limited to be within the range o f  25 to 35at.%.
We define an effective probability P  for xmax <xsys by
p tYh i lk_~ f t  ? ... £ x -  1 (6.10)
P{kt <k<. km} P{x, < x <  x,ys}
where k( -  tnx., x{ is the composition o f  the equilibrium p phase, xnm is the 
thermodynamically allowed maximum composition o f (3, and xsys is the average 
alloy composition, see figure 6.16. When < xniax, P = 1.
This formulation also suggests that the nucleation o f a line compound would be 
much more difficult when the composition o f  the alloy deviates from the 
composition o f  the compound. The complexity o f  unit cells o f  ordered structures is 
described by S, which is the inverse o f  the number o f effective lattice sites. For 
example, the L I o y-TiAl phase has a face-centred tetragonal structure, with Al and 
Ti occupying alternating layers in the [001] direction, giving S = 1/2. For a
disordered solution phase S = 1. Thus, a line compound would be the least favoured 
during phase competition during rapid solidification.
Nucleation kinetics in the Ti-48A1 deposit was evaluated according to equation 
6.10. The diffusivity was approximated as described by equation 6.6. Data o f  Gibbs 
free energy and enthalpy was derived from the thermodynamic database for 
titanium alloys. For precipitation o f  y-TiAl from the amorphous phase, P — 1 and 
xejf=  P ' S — 1 / 2. For the h.c.p. a-Ti(Al), which is a disordered solution phase, P  = 
1, S = 1 and xeff = 1. The results o f  the calculations are compared with the 
experimental results in figure 6.17. The calculations showed that in the Ti-48A1 the
h.c.p a  phase would be most favourable to nucleate. The f.c.c Al phase is even 
more sluggish to nucleate than the intermetallic y phase. The calculation shows a 
good agreement with the experimental time lag data.
The fact that the disordered a-Ti(Al) phase preceded the equilibrium y phase could 
also be explained qualitatively on the basis o f  the low interface energy between the 
a  and amorphous phases. Once the a  phase is formed, it would transform to the 
ordered a2 phase due to the structural similarity between the a  and a 2 phases. The 
equilibrium y phase would be formed after prolonged heat treatment.
In this work, this method was also applied to evaluate the transient time for the 
formation o f  the y-TiAl and h.c.p a phase in the case o f  sputter deposition, 
•nv '■ (n equation 6.4, the surface diffusivity was used instead o f  solid state 
diffusivity. The temperatures at which the calculated transient time o f  the a phase 
becomes shorter than y showed good agreement with the temperatures at which the 
ordered phases formation is suppressed in the evaluation o f  effective diffusion 
distance. As the effective distance is much easier to obtain and sufficient to provide 
evaluations for phase formation in the sputter deposition o f the Ti-Al(-Cr) alloys, it 
should be the preferred method in predicting amorphous phase formation.
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6.3.2 The Ti-50Al-20Cr Deposit
The evaluation o f  transient time for the h.c.p a  phase formation in the Ti-48A1 
alloy showed good agreement with experimental observations. Thus, the evaluation 
was extended into the ternary system. The transient times o f  the a  and y phases in 
the Ti-50Al-20Cr alloys were evaluated using the above method. The effective 
probability can also be extended into the ternary system. Assuming that in an 
infinitely large quantity o f  an A-B-C alloy, the formation o f clusters will not alter 
the alloy composition, the probability o f  forming a cluster o f  m atoms with k o f 
them being A atoms and, h being B atoms can be expressed as:
p = ciciya - py-ka - ?)"-*-’* (6-i i)
where p  is the overall concentration o f  A in the alloy and q is the concentration of 
B. If a cluster can fonn within a range, say k within [kj, kj\, h within [hi, hf], the 
probability o f  its formation is given by
P[k{ < k < k 2,hl < h < h 2,0<(h + k )< m }  (6.12)
kl hi= Z Z cicL*p‘i 1 - pT* (1 -
k=k\h=h\
Graphically, if  we use the number o f  A and B atoms as the x and y  axis 
respectively, and P as z axis, the above function can be considered as the volume 
under the probability convexity, defined by the boundary of 
kx < k < k2,h{ < h < h2,h + k <m  .
For the Ti-50Al-20Cr alloy, nucleation o f  the h.c.p a  or o f  the y phase around the 
alloy composition is thermodynamically allowed from 500K to 800K. Therefore, P 
«  1. As described in the previous section, the value o f S for the y and a  phases are 
1 / 2 and 1 respectively. Hence, the term xe// for the h.c.p and y phases can be taken as 
1 and 1 /2  respectively.
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Figure 6.18 shows the calculation results for the h.c.p a  and y phase in the Ti-50A1- 
20Cr alloy. It is seen that the significant difference in the driving force o f  phase 
formation (see figure 6.10) makes the a phase more difficult to nucleate than the y 
phase. This is in good agreement with the experimental observations.
6 .4  Sum m ary
During the condensation o f  the Ti-Al(-Cr) vapour discussed in this thesis, the 
driving force for the formation o f  the crystalline phases, especially the disordered 
solution phases, would not be significantly greater than that o f the amorphous 
phase. Under certain conditions, i.e. increased Cr addition and at low substrate 
temperatures, the amorphous phase could be even more thermodynamically stable 
than the disordered solution phase. Thus, kinetic factors could play a relatively 
more important role in phase competition during the rapid quenching process o f  the 
Ti-Al(-Cr) vapour phase. Kinetically, the amorphous alloy formation in co­
deposited materials is attributed to the limited surface diffusion, which is 
characterised by the effective diffusion distance in this work.
The early-stagesof phase competition in the amoiphous Ti-48A1 and Ti-50Al-20Cr 
alloy during heat-treatment were studied using classical nucleation theory. This 
work focused on the h.c.p a  phase and the y phase. The calculated transient times 
showed that in the amorphous Ti-48A1 alloy, it would be kinetically easier for the a 
phase to precipitate than y. In the amorphous Ti-50Al-20Cr alloy, this sequence 
would be reversed, due to the decreased thermodynamic stability o f  the a  phase. 
The calculations were in agreement with the experimental results.
Chapter 6 Thermodynamics and Kinetic Aspects of Phase
Evolution in the TiAl(Cr) Deposits___________________________
151
M o l F r a c t i o n  o f  Al  
Figure 6.1 Calculated maximum glass transition temperature (broken line) 
superimposed on the Ti-Al phase diagram, assuming Tg -  0.757),,.
Figure 6.2 Molar entropy o f phases in the Ti-48A1 alloy plotted as functions of 
temperature, using h.c.p Ti and f.c.c Al as the reference state. It shows that the 
entropy o f  the amorphous phase (Am) approaches the liquid phase (Liq) as the 
temperature increases, and approaches the y-TiAl as the temperature decreases (y- 
TiAl being the most stable phase, i.e. the ground-state in Ti-48A1 at low 
temperatures).
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Figure 6.3 Molar Gibbs free energy o f  various phases (kJ/mol) plotted as a 
function o f  temperature for the Ti-48A1 alloy, using the liquid phase as the reference 
state. The energy curve o f  the amorphous phase jfy- ; parallel to that o f  the y-TiAl 
below Tg, indicating that the entropy values o f  the two phases are approaching each 
other.
Figure 6.4 Molar Gibbs free energies (kJ/mol) o f the competing phases in the Ti- 
Al system at 500K plotted as a function o f  Al composition.
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Figure 6.5 Molar entropies o f  phases in the Ti-50Al-10Cr alloy plotted as a 
function o f temperature, using h.c.p Ti, f.c.c Al and b.c.c Cr (B2) as the reference 
state.
Figure 6.6 Molar entropies in the Ti-53Al-15Cr alloy plotted as functions of 
temperature; using h.c.p Ti, f.c.c Al and b.c.c Cr as the reference state.
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Figure 6.7 Molar entropies in the Ti-50Al-20Cr alloy plotted as a function o f 
temperature, using h.c.p Ti, f.c.c Al and b.c.c Cr as the reference state.
Figure 6.8 Molar Gibbs free energies (kJ/mol) o f  phases in the Ti-50Al-10Cr
alloy plotted as a function o f  temperature. The liquid phase was used as the reference '
state.
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Figure 6.9 Molar Gibbs free energy (kJ/mol) o f phases in the Ti-53Al-15Cr alloy 
plotted as a function o f  temperature. The liquid phase was used as the reference state.
Figure 6.10 Molar Gibbs free energies (kJ/mol) o f phases in the Ti-50Al-20Cr
alloy plotted as a function o f  temperature. The liquid phase was used as the reference
state.
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Figure 6.11 Molar Gibbs free energies (kJ/mol) o f phases in the Ti50AlxCr alloys 
at 500K plotted against Cr concentration, using f.c.c. Al, h.c.p Ti, and b.c.c. Cr as the 
reference states.
Figure 6.12 Molar Gibbs free energies (kJ/mol) o f  phases in the Ti50AlxCr alloys 
at 600K plotted against the Cr concentration, using f.c.c. Al, h.c.p Ti, and b.c.c. Cr as 
the reference states.
Chapter 6 Thermodynamics and Kinetic Aspects of Phase
Evolution in the TiAl(Cr) Deposits___________________________
157
Figure 6.13 Molar Gibbs free energies (kJ/mol) o f  phases in the Ti50AlxCr alloys 
at 700K plotted against the Cr concentration, using f.c.c. Al, h.c.p Ti, and b.c.c. Cr as 
the reference states.
Figure 6.14 Molar Gibbs free energies (kJ/mol) o f phases in Ti-52A1 plotted
against the temperature, using the liquid phase as the reference state.
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Figure 6.15 Binomial probability distribution o f a cluster containing 60 atoms in an 
alloy system. The solute concentration in the alloy is 33%. k is the number o f atoms 
o f  the solute. The shaded area is the probability o f  the cluster forming within 25 to 
35at% (P{0.25 <x < 0.35}).
Figure 6.16 Schematic Gibbs energy versus composition diagram with free energy 
curves for the mother phase M and the product phase |3, showing the definition o f the 
effective probability term. The area A under the probability distribution curve 
represents P = {kj < k < kmax}, and the area A+B represents P = {kj < k < ksys}.
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ta u /s e c
Figure 6.17 Temperature versus calculated transient times for the a, y and f.c.c Al 
phases in the Ti-48A1 alloy, □ corresponds to experimental observed time lag.
Time Lag - Ti50AI20Cr
Figure 6.18 Temperature versus calculated transient times for the h.c.p a  and y- 
TiAl phases in the Ti-50Al-20Cr alloy.
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Figure 6.19 Temperature versus calculated transient times for the h.c.p a and y- 
TiAl phases in the Ti-50Al-10Cr alloy.
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C h a p t e r  7  
D i f f u s i o n  a n d  O x i d a t i o n
7 .1  Introduction
The long term performance o f oxidation resistant coatings depends on the stability o f 
the coatings. The latter is affected by diffusion phenomena at the coating/substrate 
interface. In this chapter, elemental profiles for the Ti-Al-Cr deposits produced by the 
continuous route on the Ti-50A1 substrate are presented in section 7.2. Analysis o f 
diffusion phenomena is employed to assess the diffusion o f Cr across the 
coating/substrate interface. A  preliminary study o f the oxidation behaviour on the Ti- 
Al-Cr coatings is discussed in section 7.3 briefly.
7 .2  The Diffusion of Chromium
7.2.1 Elemental Profiles
As discussed in previous chapters, the Ti-Al-Cr alloys studied in this thesis are 
potential candidate oxidation resistant coatings for y-based Ti-Al substrates. They are 
to be used in structural applications where the material would be subjected to high 
temperature exposure and thermal shocks. One o f the major concerns is whether there 
would be substantial Cr diffusion into the substrate at elevated temperatures. The Cr 
profiles in the deposits and substrates were studied at elevated temperature. The typical 
profiles obtained are shown in figures 7.1 to 7.4.
Quantitative profiles were measured by EPMA on the heat-treated samples. In the 
substrate side o f the coating/substrate interface, the compositions were measured using
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spot analysis. In the deposit side, area analysis was used. Each area “window” was 1 
pm wide and over 5 pm long, so that the average composition could be obtained (see 
figure 7.5). For each sample, at least three sets o f profiles, measured at different 
positions, were acquired, and then were averaged into a single profile. For better 
accuracy, attention was given to the micro-probe current at all times. Only the profiles, 
during the acquisition o f which the probe current remained steady, were considered. 
These profiles for the Ti-50Al-10Cr and Ti-50Al-20Cr deposits are shown in figures 
7.6 and 7.7.
The profiles for the Ti-50Al-10Cr and Ti-50Al-20Cr coatings show that the Cr 
diffusion was not very fast. After 10 hours heat-treatment at 1173K, the Cr 
concentration had approached zero at/frepth o f 10 pm into the substrate from the 
interface. After 100 hours, this distance had increased to 40 pm. After 820 hours, the 
Cr concentration in the substrate approached zero at around 100 pm from the interface.
It was expected that near the coating/substrate interface, due to the higher 
concentration gradient, one would find a much higher Cr concentration in the Ti-50A1 
substrate with the Ti-50Al-20Cr coating than in the substrate with the Ti~50Al~10Cr 
coating. However, the difference in Cr concentration was found not to be significant. 
For instance, at the interface in the substrate side, the Cr concentration was about 
2.85at.% for the Ti-50Al-10Cr coating heat-treated for 100 hours, and about 4.55at.% 
for the Ti-50Al-20Cr coating, a difference o f less than 2at.%. This is attributed to the 
fact that the Ti-50A1 substrate consisted of the y phase mainly (see figure 5.28), for 
which the Cr solubility is no more than 5at.% at around 1173K. The solubility limit 
determined that the maximum Cr concentration in the substrate should be 5at.%. As 
shown in figures 5.2 and 5.23, in the crystalline Ti-50Al-10Cr deposit, the major 
constituent was the y phase, while in the case of the Ti-50Al-20Cr deposit, y was 
surrounded by the Laves phase. Thus, during heat-treatment, the substrate (mainly y- 
TiAl) would be in direct contact with the ternary y phase in the Ti-50Al-10Cr deposit.
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In the case o f the Ti-50Al-20Cr deposit, the
substrate would be in direct contact with the ternary Laves phase. Therefore, if given 
enough time, the y phase near the interface would be in local equilibrium with the 
Laves phase. This would allow a higher Cr concentration in the y phase at the interface, 
up to the maximum solubility. This would explain the 1.7at.% difference in Cr • r. 
near the interface in the substrates coated with the Ti-50Al-10Cr and Ti-50Al-20Cr.
7.2.2 Fitting of Elemental Profiles
The mathematic formulation o f the diffusion theory is based on the hypothesis that in 
isotropic substances the transfer rate o f the substance through unit area o f a section is 
proportional to the concentration gradient measured normal to the section, i.e.
where F  is the transfer rate per unit area of section, C the concentration of the diffusing 
substance, x the space co-ordinate measured normal to this interface, and D is the 
diffusion coefficient. Equation 7.2 can therefore be established, as both sides o f the 
equaksign represent the rate at which the amount o f diffusing substance increases in a 
unit volume.
(7.1)
—  = cliv(D - gradC) 
dt
(7.2)
If D is a constant and diffusion is one-dimensional, equation 7.2 becomes
dC d2C—  = D- div(gradC) = D L-L. 
dt J dx2
(7.3)
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General analytical solutions o f the diffusion equation 7.3 can be obtained for a variety 
o f initial and boundary conditions provided that the diffusion coefficient is constant. 
Most solutions give treatments for diffusion systems where no more than one 
diffusivity is involved, and the concentration at the interface is continuous. Crank has 
derived a solution for a more complex situation, namely for the infinite composite 
medium (Crank, 1956, 1975). The latter solution considers the system where two 
media with different diffusivities are present, and the concentration at the interface 
between the two media does not have to be continuous (as expressed in equation 7.4 
below). This is different from most other one-dimensional solutions derived by Crank. 
In this case o f infinite composite media, the diffusing substance initially resides evenly 
in one of the medium, then diffuses to the other medium. It assumes that the lengths of 
the two media are infinite. It can be used for a finite system for which within the time 
span of interest, the diffusion process would not have much influence on the 
composition at the surface of the finite medium.
For the system of infinite composite medium, if x = 0 defines the position of the 
coating/substrate interface, cj is the concentration in x > 0 (in this case the Ti-Al-Cr 
deposit) and c2 is the concentration in x < 0 (the Ti-50A1 substrate, which contains no 
Cr initially). Then the boundary conditions at x = 0 may be written as
c 2 / c x = k , x = 0, (7.4)
Dxdcx /dx = D2dc2 /dx, x = 0 (7.5)
where k is the ratio o f the concentrations in the regions x < 0 (the substrate) and x > 0 
(the deposit). Note that one constrain in this case is that k should never be greater than 
1 (Crank, 1956, 1975). Dj and D2 are the average Cr diffusivities in the regions x > 0 
(the deposit) and x < 0 (the substrate) respectively.
The initial condition o f this system is
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cx -  c0, x > 0 ,  t = 0 (7.6)
c2 = 0, x < 0, t = 0 (7.7)
where t is time and c9 is the Cr concentration in the as-received deposit. The analytical 
solution to this problem involves the error function and its complementary function, as 
shown below:
c, =  /  {1 + k lD 2/ D , e r f - j = }
1 + 27r\t
(7.8)
kcQ |x|
cn   r— - -  erfc-
(7.9)
1 + knjD2 / Dj 2n]D2t
The eiTor function and its complementary function are expressed as:
7 2
erf (z) = —7=  fexp(—x2)dh' 
Vtf 0
(7.10)
2 00erfc(z) = —j=  | exp(-x2 )dx = 1 -  erf (z)
(7.11)
A typical concentration distribution for the infinite composite medium, where D2 -  4 
D 1 and k — is shown in figure 7.8.
In this work the Cr profiles were fitted to the above solution (see equations 7.8 and 
7.9). The parameters Dj, D2 and k were optimised using the experimental data (as 
shown in the Cr elemental profiles in figures 7.6 and 7.7). The least square method was 
used for optimisation (see appendix B), which produces the best fitting by finding the 
minimum o f the difference between experimental data and predicted values. In order to 
avoid a local minimum rather than the global one, various starting values were given.
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The fitting results are shown in figures 7.9 to 7.11. The fitted parameters are 
summarised in table 7.1.
From the fitting results, it is seen that the Cr diffusivity in the Ti-50A1 substrate (D2) 
did not change significantly with time, which would be expected, since diffusivity is a 
physical property o f the medium and the same substrate was used in this work.
Table 7.1 Fitted diffusion parameters (at 1173K) for the Ti-50Al-10Cr and the Ti- 
50Al-20Cr deposits on the Ti-50A1 substrate.
Di/pm2-s_I D2/pm2-s'1 k
Ti-50Al-10Cr, 10 hours 1.33xl0"3 6.15x1 O'4 0.37
Ti-50Al-10Cr, 100 hours 7.28x10'5 2.37x1 O'4 0.90
Ti-50Al-10Cr, 820 hours 5.68xl0‘5 4.35xl0'4 1.00
Ti-50Al-20Cr, 10 hours 6.37xl0‘2 7.90x10"4 0.20
Ti-50Al-20Cr, 100 hours 1.65x10'3 4.09x1 O'4 0.31
The trend o f change o f Cr diffusivity in the Ti-Al-Cr coatings (Dj) does not seem clear 
and care should be taken when comparing Z)/ values. This is because to use this 
diffusion solution, it has been assumed that the coating is sufficiently thick so that 
diffusion would not affect the coating surface composition. This assumption would 
not be true after prolonged heat-treatment. For instance, in the case o f the Ti-50A1- 
lOCr deposit, the Cr concentration at the deposit surface was not reduced much after 
100 hours heat-treatment, while ifdecreased by about lat.% after 820 hours heat- 
treatment (see figure 7.6). Meanwhile, during heat-treatment, the deposits experienced 
changes such as phase transformations and growth o f new precipitates. Phase 
transformations include the metastable phase dissipation (the amorphous phase and the 
a  phase) and the new phase formation. These changes may affect the value of D2.
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Figures 7.9 to 7.11 show that the Cr profile in the substrate can be fitted with relatively 
good precision. With diffusivity and k value estimated from the fitting, the Cr profiles 
can be roughly predicted. For instance, in the case o f Ti-50Al-10Cr, if we take D; -  
5.0x1 O'5 pm2-s'1 (extrapolated from the case o f 820 hours heat-treatment, see table 
7.1), D2 -  4.3xl0'4 pm2-s"1, k = 1 when t = 1000 hours, one will obtain a diffusion 
profile as shown in figure 7.12a. For Ti~50Al-20Cr, intake Dj = 0.8xl0“3 prn^s"1, D2 — 
4.0x10^ pm^s"1, k = 0.35 when t = 1000 hours, one will obtain a diffusion profile as 
shown in figure 7.12b. Similarly, the diffusion profiles at 1500 hours o f heat-treatment 
can be obtained, as shown in figure 7.13.
Table 7.2 Percentage o f Cr consumed via diffusion in the Ti-50Al-10Cr and Ti- 
50Al-20Cr deposits heat-treated at 1173K for various periods. The extrapolated values 
for prolonged heat-treatments are shown in italics.
Deposits 10 hours 100 hours 820 hours 1000 hours
Ti-50Al-10Cr 3.28% 11.27% 33.01% 36.45%
Ti-50Al-20Cr 3.06% 12.57% 38.72% 42.83%
On the other hand, as the Cr profile in the substrate can be fitted with relatively good 
precision, the percentage o f Cr diffused at a given time can be readily estimated. The 
total amount o f Cr in the system, Ctotah is the initial average Cr concentration in the 
deposit times the thickness o f the coating, as indicated by the rectangular area under 
the dotted line in figure 7.14. At a given time, as the Cr profile changes to the dark 
solid curve, the amount of Cr lost via diffusion, Ct, is illustrated by the shaded area in 
figure 7.14. By dividing the two values, the percentage o f Cr lost in the coating via 
diffusion can be obtained. Since the Cr profile at a given time can be simulated using 
the fitting results, Ct can be obtained by numerical integration o f the Cr concentration 
profile in the substrate. Table 7.2 shows the calculations o f the Cr consumption for the 
experiments earned out in this work. Estimation o f Cr consumption was also made for
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prolonged heat-treatments. The diffusivity and k values used are the same as detailed in 
the previous paragraph. These results are shown in italics in table 7.2. A plot o f Cr 
consumption against time shows that the diffusion rate of Cr would gradually level off 
along with the heat-treatment duration (see figure 7.15).
7 .3  Preliminary Study of Oxidation Behaviour
7.3.1 Oxidation During Isothermal Heat-treatinent
It has been noticed in chapter 3 and 4 that the Ti-Al-Cr deposits were oxidised during 
heat treatment even under an Ar atmosphere. For example, figure 5.4 shows a layer o f 
oxide formed on the Ti-50Al-10Cr deposit heat-treated at 1173K in Ar flow for 100 
hours. The scales formed were around 1~2 pm thick. In isothermal heat-treatments, no 
cracking o f the depost or significant oxide nodules were observed.
EDX line-scans o f the scales indicated they were Al rich, as can be seen in figures 7.3 
to 7.4, and that they might consist o f alumina primarily. Quantitative analysis was not 
possible because of the limited thickness o f the scale. Elemental mapping by WDX 
was earned out on the Ti-50Al-10Cr deposit produced by the discontinuous route, see 
figure 7.16. The Ti and Cr concentrations were observed to have reduced in the oxide 
scale, whereas the Al concentration was slightly increased. The relatively high oxygen 
concentration at the substrate/deposit interface, see figure 7.16e, could be attributed to 
extraneous materials trapped during sample preparation.
7.3.2 Cyclic Oxidation
Cyclic oxidation tests were carried out on the Ti-50Al-10Cr, Ti-53Al-15Cr and Ti- 
50Al-20Cr coatings produced by the continuous route. In each cycle o f oxidation, the 
samples, which were placed in a clean crucible, were inserted into a box furnace pre­
heated to 1173K, then quickly taken out after 1 hour of heat-treatment and cooled in
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air. The samples were weighted after every twenty such cycles, i.e. every 20 hours of 
heat-treatment. Table 7.3 shows the weight changes for the three coatings. .
The weight gain for all three deposits was very small (usually around ±0.00lg, which 
is the accuracy o f the balance used). Thus comparison of weight gains between the 
deposits was not possible. The weight gain o f all alloys plotted against cyclic oxidation 
duration is shown in figure 7.17 together with that o f the unprotected Ti-50A1 alloy. It 
shows that the weight gains of the Ti-50A1 substrate coated with Ti-Al-Cr deposits 
were much lower. Such small weight changes are good news for the deposits, since 
they indicate slow oxidation rates at 1173K for the Ti-Al-Cr coatings.
Although the above results indicated good cyclic oxidation resistance o f the coatings at 
1173K, careful inspection revealed that the Ti-50Al-10Cr deposit had suffered from 
cracking under thermal cycling.. In the SEM, lumps o f oxidation product were 
found to emerge from the middle o f the cracks, as shown in figure 7.18. Figure 7.19a 
gives a closer view, showing one nodule emerging from a crack, which is approached 
by another crack. In some cases, the large oxide nodules were broken into two halves 
along the crack (figure 7.19b). Cracks appeared after about 40 hours o f heat-treatment. 
Such cracks and oxide nodules, however, were not observed on the Ti-50Al-20Cr and 
the Ti-53Al-15Cr deposit.
For comparison, figure 7.20a shows the protective oxide scale formed on the Ti-50A- 
20Cr deposit after 100 hours isothermal oxidation in air at 1173K. The same oxide 
morphology was observed on the Ti-50Al-10Cr and Ti-53Al-15Cr coatings where the 
oxide scales were also found to be continuous. Figure 7.20b shows the morphology of 
the oxide scale formed on the Ti-50Al-10Cr deposit isothermally heat-treated at 1173K 
for 820 hours. Cracking, as seen in figure 7.19, was not observed.
EDX elemental maps were acquired for the oxide nodules and a typical map is shown 
in figure 7.21. Compared to the continuous oxide scale formed on top o f the deposit,
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the oxide formed within cracks was richer in Ti and leaner in Al than the surrounding 
oxide.
Table 7.3 Weight changes of the Ti-50Al-10Cr, Ti-53Al-15Cr and Ti-50Al-20Cr
during cyclic oxidation at 1173K.
Ti-50AI-10Cr
//hour Sample weight/g Weight change/g Weight Gain per unit 
area/g-mm"2
0 1.6046 0 0
4 1.6037 -0.0009 -1.802x1 O'6
20 1.6069 0.0023 4.606x1 O’6
40 1.6053 0.0007 1.402xl0‘6
60 1.6056 0.001 2.003xl0‘6
81 1.6055 0.0009 1.802x1 O'6
100 1.6055 0.0009 1.802x1 O'6
Ti-53Al-15Cr
//liour Weight/g Gain/g Weight Gain/g-mm'2
0 1.8554 0 0
10 1.857 0.0016 3.189xl0'6
20 1.8568 0.0014 2.79x10'6
29 1.8541 -0.0013 -2.59x10‘6
40 1.857 0.0016 3.189xl0‘6
60 1.8563 0.0009 1.794x1 O’6
Ti-50Al-20Cr
tlhour Weight/g Gain/g Weight Gain/g-mm'2
0 1.612 0 0
20 1.611 -0.001 -1.897x1 O'6
40 1.612 0 0
50 1.6131 0.0011 2.086x10'6
60 1.6118 -0.0002 -3.793x10'6
70 1.6126 0.0006 1.138xl0‘6
80 1.6124 0.0004 7.587xl0*6
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The fact that those cracks were not found on the isothermally heat-treated Ti-50A1- 
lOCr coatings suggested that thermal shock was the major cause o f crack formation. 
Once cracks were formed, the Ti-50A1 substrate could be in direct contact with air. The 
non-protective oxide was thus rapidly formed on the exposed Ti-50A1 alloy, as the Ti- 
50A1 alloy is a y-TiAl based alloy, the oxidation resistance o f which deteriorates 
significantly at temperatures higher than 1023K (see section 2.2.5).
The fact that cracks appeared on the Ti-50Al-10Cr coating during cyclic oxidation, and 
not on the other coatings, could be attributed to the different microstructures o f the 
deposits. As shown in figure 5.2, the heat-treated Ti-50Al-10Cr deposit hadavery 
distinct columnar structure, while a random distribution o f precipitates was found in 
the Ti-50Al-20Cr deposit (see figure 5.23). The columnar feature o f the heat-treated 
Ti-53Al-15Cr deposit was much less strong than the Ti-50Al-10Cr deposit. The 
columnar structure in Ti-50Al-10Cr could render the deposit more liable to cracking 
under thermal shocks. The oxide formed in the cracks strains the cracks further and 
tears the coating. Thus, for applications where the coatings would experience thermal 
cycling, amoiphous coatings when as-deposited should be preferred, so that columnar 
features could be avoided in their microstructures.
7 ,4  Summary
Elemental profiling and the mathematical fitting showed that the Cr diffusion process 
was not very fast. The Cr concentration gradient at the coating/substrate interface 
would be constrained by the solubility o f the y phase, which is the main phase 
constituent in the Ti~50Al substrate. The experimental data were fitted into a solution 
o f the diffusion problem for infinite composite medium. The Cr profiles in the 
substrate were fitted with relatively good precision.
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Evidence from both isothermal and cyclic oxidation tests indicated that the oxidation 
o f the Ti-Al-Cr coatings discussed in this thesis was slow at 1173K. The continuous 
oxide scale formed was Al rich, indicating that it mainly consisted o f alumina.
Cyclic oxidation tests showed that the Ti-50A1 substrate coated with the Ti-Al-Cr 
coatings discussed in this thesis had much slower oxidation ratesthan the bare Ti-50A1 
alloy. However, columnar structure in the coating could lead to/coating cracking ivtajvk 
thennalljshockfid The substrate would then be exposed and the oxide formed on the 
substrate at elevated temperature would tear the coating further. Thus, amoiphous 
coatings when as-deposited should be preferred.
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AJKa. 1380 •
10 20 30 40 50 60
Figure 7.1 Line-scan analysis o f the Ti-50Al-10Cr deposit heat-treated at 1173K 
for 10 hours. The arrow indicates the coating/substrate interface.
ABC a. 1684 •
Figure 7.2 Line-scan analysis o f the Ti-50Al-10Cr deposit heat-treated at 1173K
for 100 hours. The arrow indicates the coating/substrate interface.
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AIKa. 939
Figure 7.3 Line-scan analysis o f the Ti-50Al-20Cr deposit heat-treated at 1173K 
for 10 hours. The arrow indicates the coating/substrate interface.
- p t >
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Figure 7.4 Line-scan analysis o f the Ti-50Al-20Cr deposit heat-treated at 1173K
for 100 hours. The arrow indicates the coating/substrate interface.
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Figure 7.5 Illustration of the measurement scheme used to obtain a quantitative 
composition profile from the deposit to the substrate.
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Figure 7.6 The Cr concentration profiles o f the Ti-50Al-10Cr deposit heat-treated 
at 1173K for (a) 10 hours, (b) 100 hours and (c) 820 hours.
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Figure 7.7 The Cr concentration profiles o f the Ti-50Al-20Cr deposit heat-treated 
at 1173K for (a) 10 hours, (b) 100 hours.
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Figure 7.8 A typical concentration distribution in a composite medium, where D2 
= 4 Dj and k = Vi (Crank, 1956).
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Figure 7.9 Fitted diffusion profiles for the Ti-50Al-10Cr deposit heat-treated at 
1173K for (a) 10 hours (b) 100 hours.
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Figure 7.10 Fitted diffusion profile for the Ti-50Al-10Cr deposit heat-treated at 
1173K for 820 hours.
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Figure 7.11 Fitted diffusion profiles for the Ti-50Al-20Cr deposit heat-treated at 
1173K for (a) 10 hours, (b) 100 hours.
Chapter 7 Diffusion and Oxidation 179
- 1 5 0 - 1 0 0  - 5 0
x/|.im
5 0 - 1 5 0 -100 - 5 0
x/j_im
(a) (b)
Figure 7.12 Predicted diffusion profiles for (a) the Ti-50Al-10Cr deposit on the Ti- 
50A1 substrate, (b) the Ti-50Al-20Cr deposit on the Ti-50A1, heat-treated at 1173K for 
1000 hours.
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Figure 7.13 Predicted diffusion profiles for (a) the Ti-50Al-10Cr deposit on the Ti- 
50A1 substrate, (b) the Ti-50Al-20Cr deposit on the Ti-50A1, heat-treated at 1173K for 
1500 hours.
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Figure 7.14 Schematic diagram showing Cr diffusion profile in the substrate and 
coating.
• ♦  H50A120Cr
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Figure 7.15 Percentage of Cr diffused into the Ti-50A1 substrate from the Ti-50A1- 
lOCr and Ti-50Al-20Cr deposits plotted against time.
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(d) (e)
Figure 7.16 A typical WDX map acquired for the Ti-50Al-10Cr deposit 
isothermally heat-treated at 1173K for 100 hours, showing (a) the SE image of the 
cross-section, (b) the Al map, (c) the Ti map, (d) the Cr map and (e) the O map.
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Figure 7.17 Weight gain plotted against cyclic oxidation duration.
21-APR-99 Alst04 ’ 17. OkV x90 ' 500«m
Figure 7.18 SEM SE image o f the Ti-50Al-10Cr deposit after cyclic oxidation test 
in air at 1173K for 100 hours. Massive oxidation products are seen to emerge from 
cracks.
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(b)
Figure 7.19 SEM SE images of the Ti-50Al-10Cr deposit after cyclic oxidation test 
in air at 1173K for 100 hours, showing (a) a close view of an oxide nodule; (b) a large 
oxide nodule split into two halves along the crack.
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Figure 7.20 SEM SE images showing (a) the protective oxide formed on the Ti- 
50Al-20Cr deposit isothermally heat-treated in air at 1173K for 100 hours; (b) the 
oxide formed on the Ti-50Al-10Cr deposit isothermally heat-treated in air for 820 
hours.
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Figure 7.21 EDX elemental maps acquired for the Ti-50Al-10Cr coating after cyclic 
oxidation in air at 1173K for 100 hours.
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C h a p t e r  8  
C o n c l u s i o n s  a n d  F u t u r e  W o r k
8 .1  Conclusions
1. Amoiphous Ti-Al and Ti-Al-Cr deposits can be produced using the magnetron 
sputter deposition technique.^Crystallisation v —o *r occurfehuring deposition, a 
columnar microstructure would be formed with the columnar fibres b rn parallel 
to the deposition direction. For the Ti-50Al-10Cr and Ti-53Al-15Cr deposit, the 
ciystalline domains consisted of lamellar y< 111 > // a<0002>, i.e. the crystalline 
deposits had a y< 111 > // a<0002> texture. The a  phase was also ordered partially,
i.e. the transformation a —» a2 occurred during deposition.
2. The microstructure of the as-received deposit — -C  strongly affect? the 
microstructure development during heat-treatment. A  random distribution of 
precipitates was formed, when the as-received deposit was amorphous. Columnar 
features were present when the as-received deposit had crystallised during sputter 
deposition. In the latter case, texture was maintained in the y phase.
3. At 1173K, the Ti-50Al-10Cr alloy transformed to a two-phase microstructure, 
consisting o f the y and C14 Ti(Al, Cr)2 phases. The Ti-53Al-15Cr alloy 
transformed to a three-phase microstructure, consisting of the y, x and the C14 
Laves phase. The y and x phases were mixed finely, with y<100> // x<100>. The 
Ti-50Al-20Cr alloy transformedtfo a two-phase micro structure, consisting of 
the y and the C l4 Laves phase. No orientation relationship between the y and the 
C l4 Laves phase was observed.
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4. Phase evolution studies at lower temperatures in the range 773K to 973K indicated 
that for the amorphous Ti-48A1 alloy, the phase transformation path is: the 
amoiphous phase —> a - »  y + a /a2. A fine lamellar structure was formed, with y 
being the dominant phase. For the Ti-50Al~20Cr alloy, the phase transformation 
path was: the amorphous phase -> y —> y + Ti(Al, Cr)2,
5. The amoiphous phase in the Ti-Al and Ti-Al-Cr alloys has been
thermodynamically modelled using the CALPHAD method. The experimental
observations and the modelling results have clearly suggested a tendency of 
amorphous phase stabilisation via Cr addition. Thermodynamic modelling also 
indicated that the driving force for amoiphous alloy formation is not much less than 
that for the precipitation o f disordered solution phases. Kinetically, the amorphous 
phase formation during sputter deposition is related to the suppression of surface 
diffusion at low substrate temperatures. The temperature processing window for 
ordered phase formation in the Ti-Al(-Cr) alloys during magnetron sputter 
deposition can be evaluated by the effective diffusion distance.
6. Phase competition in the amorphous Ti-Al(-Cr) alloys was evaluated using
nucleation theory. Transient time calculations showed that in the Ti-48A1
amorphous alloy, it would be kinetically easier for the a phase to precipitate than y. 
In the case o f the Ti-50Al-20Cr alloy, the y phase forms in preference to. a, being 
consistent with experimental observations.
7. The experimental Cr diffusion profiles and the simulations for the Ti-Al-Cr 
coatings and the Ti-50A1 substrate indicated that diffusion at 1173K is reasonably 
slow.
8. The Ti-50Al-10Cr, Ti-53Al-15Cr and the Ti-50Al-20Cr coatings could form 
protective oxide scales at 1173K. When a severe columnar structure was present in 
the crystalline deposit, cracking o f the coating was observed when the coating was
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subject to thermal-shocks at elevated temperatures. This exposed the Ti-50A1 
substrate to air and titanium rich oxide formed, which impaired the coating further.
9. If cracking o f the coatings is to be avoided, amorphous deposits Cur€.'4 1 e 
preferred, as columnar structure formation would be prevented.
8 .2  Suggestions for Future Work
1. Understanding amoiphous alloy formation and devitrification is important for alloy 
design as well as fundamental research in materials science. In this thesis, 
modelling o f amoiphous phase in Ti-Al(-Cr) alloys, based on the liquid and 
ground-state crystalline phase, has enabled the comparison o f the thermodynamic 
properties o f the competing phases. It would be essential to test the experimentally 
determined thermodynamic data against data for devitrification and glass transition 
temperatures. This should be done by DSC/DTA using free-standing samples.
2. Since the Ti-Al-Cr alloys are candidates as high temperature coating materials, it 
would be worthwhile to do a thorough study o f the oxidation behaviour of these 
alloys.
3. At 1173K, the Ti-50Al-20Cr alloy was found to contain the y and the Laves phase 
after equilibration at 1173K, even though this alloy was designed to contain the x 
and the Laves phase instead. This is due to the fact that the effective composition 
o f the alloy was shifted to 32.58Ti-48.28Al-19.14Cr. There has been limited work 
on phase equilibria in Cr-rich Ti-Al-Cr alloys such as those consisting o f the x and 
Laves phases. A detailed study o f phase equilibria in such alloys would be very 
useful for the development of Cr-rich Ti-Al-Cr alloys.
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A p p e n d i x  A  X R D  D a t a
Table 1 XRD data o f  the as-deposited Ti-50Al-10Cr (produced by the 
continuous route).
d (A )
measured
I/Io d (A)
reference
kkl Phase
3.03 1 2.90 T i02
2.54 1 2.55 104 a i2o 3
2.393 1 2.38 1120 A120 3
2.296 100 2.325 111 y
1.149 3 1.162 222 y
Table 2 XRD data o f the as-deposited Ti-53Al-15Cr 
continuous route).
(produced by the
d (A )
measured
I/Io d (A) 
reference
hkl Phase
2.27 100 2.325 111 Y
2.017 2 2.00 200 Y
1.429 1 1.43 202 Y
1.218 1 1.22 113 Y
1.142 3 1.162 222 Y
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Table 3 XRD data o f  the crystalline Ti-50Al-10Cr (produced by the 
continuous route) heat-treated in Ar at 1173K for 100 hours.
d(A)
measured
I/Io d(A)
reference
kkl Phase
4.122 8 4.14 0002 Ti(Cr,Al)2
4.053 9 4.07 001 Y
3.478 5 3.48 102 A120 3
2.551 5 2.55 104 a i2o 3
2.521 7 2.535 1120 Ti(Cr,Al)2
2.379 6 2.38 120 A120 3
2.31 100 2.325 111 Y
2.265 10 2.20 202 0 Ti(Cr,Al)2
2.151 12 2.16 1122 Ti(Cr,Al)2
2.111 4 2.122 2021 Ti(Cr,Al)2
2.086 6 2.09 113 A120 3
2.063 26 2.07 0004 Ti(Cr,Al)2
2.029 13 2.03 002 Y
1.987 31 2.00/1.97 200/022 y/ A120 3
1.646 4 1.65 112 Y
1.416 3 1.43/1.42 202/213 3 y/Ti(Cr,Al)2
1.406 2 1.41/1.41 220/324 y/ A120 3
1.376 8 1.38/1.38 0006/300 Ti(Cr,Al)2/A l20 3
1.262 3 1.27/1.27 310/224 0 y/Ti(Ci\Al)2
1.22 6 1.22/1.22 113/3140 y/Ti(Cr,Al)2
1.201 5 1.20 311 Y
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Table 4 XRD data o f  the amorphous Ti-50Al-10Cr (produced by the
discontinuous route) heat-treated at 1173K for 10 hours.
d (A )
measured
I/Io d (A )
reference
hkl Phase
4.019 12 4.07 001 y
3.458 15 3.48 102 AI2O3
3.222 13 3.22 012 a i2o 3
3.015 11 3.00 1012 Ti(Cr,Al)2
2.525 21 2.53 1120 Ti(Cr,Al)2
2.513 19 2.50 202 0 a2?
2.302 100 2.325/2.32 111/1013 y/Ti(Cr,Al)2
2.174 20 2.19/2.18 202 0/104 Ti(Ci\Al)2/A l20 3
2.145 40 2.15 1122 Ti(Cr,Al)2
2.104 42 2.12 2021 Ti(Cr,Al)2
2.079 17 2.10 1012 a 2?
2.056 10 2.06 0004 Ti(Cr,Al)2
2.023 18 2.03 002 y
1.981 28 2.00/1.96 200/113 y/ a i2o 3
1.924 7 1.93 202 Ti(Cr,Al)2
1.861 5 1.86 1014 Ti(Cr,Al)2
1.779 6 1.81 102 y
1.735 7 1.71/1.72 202 3/006 Ti(Cr,Al)2/A l20 3
1.682 4 1.66 2130 Ti(Cr,Al)2
1.643 4 1.65 112 y
1.598 11 1.60/1.60 1124/024 Ti(Cr,Al)2/A l20 3
1.454 4 1.46/1.49 303 0/122 Ti(Ci\Al)2/A l20 3
1.417 24 1.43/1.42 202/213 3 y/Ti(Cr,Al)2
1.403 15 1.42 220 y
1.37 10 1.37/1.37 0006/300 Ti(Cr,Al)2/A l20 3
1.315 8 1.34/1.32 221/202 5 y/ Ti(Cr,Al)2
1.26 9 1.27/1.27 310/2240 y/Ti(Cr,Al)2
1.217 9 1.22 113 y
1.2 16 1.21/1.21 311/3140 y/Ti(Cr,Al)2
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Table 5a XRD data o f  the crystalline Ti-53Al-15Cr heat-treated in air at 
1173K for 10 hours.
d(A) I/Io d(A) hkl Phase
measured reference
4.092 8 4.07 001 Y
2.513 3 2.53 1120 Ti(Cr,Al)2
2.372 4 2.38 110 A120 3
2.291 100 2.325/2.323/2.33 111/1013/111 y/Ti(Cr,Al)2/x
2.145 6 2.15 1122 Ti(Cr,Al)2
2.102 3 2.035/2.02 002/200 y/x
2.055 29 2.117 2021 Ti(Cr,Al)2
2.004 2 2.03/2.03 002/002 y/x
1.967 2 2.00/2.00 200/200 y/x
1.412 1 1.42/1.43 213 3/220 Ti(Cr,Al)2/x
1.372 6 1.38/1.38 3032/300 Ti(Cr,Al)2/A l20 3
1.26 1 1.26/1.28/1.27 224 0/310/310 Ti(Cr,Al)2/x/y
Table 5b XRD data o f the crystalline Ti-53Al-15Cr heat-treated in air at 
1173K for 100 hours.
d (A)
measured
I/Io d(A)
reference
hkl Phase
4.055 5 4.07 001 Y
2.996 2 3.01/3.00 113/1012 Al20 3/Ti(Cr,Al)2
2.499 3 2.53 1120 Ti(Cr,Al)2
2.381 3 2.38 110 A120 3
2.363 4 2.15 1122 Ti(Cr,Al)2
2.29 100 2.32/2.33 111/111/1013 y/x/ Ti(Cr,Al)2
2.137 5 2.117 2021 Ti(Cr,Al)2
2.05 29 2.04/2.05/1.96 002/0004/113 y/Ti(Cr,Al)2/A l20 3
1.37 6 1.93 1014 Ti(Cr,Al)2
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Table 6a XRD data o f  the crystalline Ti-50Al-20Cr (produced by the
continuous route) heat-treated in air at 1173K for 3 hours.
d (A )
measured
I/Io d(A)
reference
Iikl Phase
4.091 10 4.11 0002 Ti(Cr,Al)2
3.464 13 3.51 210 Ti02
3.228 4 3.22 012 A120 3
2.324 8 2.32 1013 Ti(Cr,Al)2
2.285 99 2.32 111 y
2.241 11 2.26 112 Ti02
2.184 12 2.19 202 0 Ti(Cr,Al)2
2.151 72 2.15 1122 Ti(Cr,Al)2
2.111 67 2.12 2021 Ti(Cr,Al)2
2.061 27 2.05 0004 Ti(Cr,Al)2
2.016 18 2.035 002 Y
1.975 12 2.00 200 Y
1.93 9 1.93 2022 Ti(Cr,Al)2
1.863 8 1.86 1014 Ti(Cr,Al)2
1.746 5 1.71 202 3 Ti(Cr,Al)2
1.603 10 1.60 231 Ti02
1.459 5 1.45 023 Ti02
1.415 8 1.43 202 Y
1.397 7 1.416 220 Y
1.374 17 1.38/1.375 3032/300 Ti(Cr,Al)2/Al20 3
1.317 16 1.32 202 5 Ti(Cr,Al)2
1.29 4 1.29 2134 Ti(Cr,Al)2
1.262 14 1.26 224 0 Ti(Cr,Al)2
1.218 8 1.22 113 Y
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Table 6b XRD data o f  the crystalline Ti-50Al-20Cr (produced by the
continuous route) heat-treated in air at 1173K for 10 hours.
d (A )
measured
I/Io d(A)
reference
hkl Phase
4.086 10 4.11 0002 Ti(Cr,Al)2
3.454 13 3.51 210 Ti02
3.218 4 3.22 012 A120 3
2.79 3 2.90 211 Ti02
2.538 19 2.53 1120 Ti(Cr,Al)2
2.511 23 2.45 102 Ti02
2.369 8 2.32 1013 Ti(Cr,Al)2
2.291 99 2.32 111 Y
2.237 11 2.26 112 T i02
2.176 12 2.19 202 0 Ti(Cr,Al)2
2.144 72 2.15 1122 Ti(Cr,Al)2
2.104 67 2.12 2021 Ti(Cr,Al)2
2.079 17 2.13 221 T i02
2.057 27 2.05 0004 Ti(Cr,Al)2
2.016 18 2.035 002 Y
1.925 9 1.93 202 Ti(Cr,Al)2
1.861 8 1.86 1014 Ti(Cr,Al)2
1.735 5 1.71 202 3 Ti(Cr,Al)2
1.598 10 1.60 231 T i02
1.454 5 1.45 023 T i02
1.427 8 1.43 202 Y
1.413 18 1.42 2133 Ti(Cr,Al)2
1.402 7 1.416 220 Y
1.372 17 1.38/1.375 303 2/300 Ti(Cr,Al)2/Al20 3
1.315 16 1.32 202 5 Ti(Cr,Al)2
1.288 4 1.29 2134 Ti(Cr,Al)2
1.26 14 1.26 2240 Ti(Cr,Al)2
1.218 8 1.22 113 1 ......
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Table 6c XRD data o f  the crystalline Ti-50Al-20Cr (produced by the
continuous route) heat-treated in air at 1173K for 100 hours.
d (A )
measured
I/Io d (A)
reference
hkl Phase
4.074 5 4.11 0002 Ti(Cr,Al)2
3.445 14 3.51 210 Ti02
3.221 11 3.22 012 a i2o 3
3.001 7 2.90 211 T i02
2.534 17 2.53 1120 Ti(Cr,Al)2
2.508 18 2.45 102 T i02
2.316 51 2.32 1013 Ti(Cr,Al)2
2.29 100 2.32 111 Y
2.234 8 2.26 112 T i02
2.174 13 2.19 202 0 Ti(Cr,Al)2
2.142 57 2.15 1122 Ti(Cr,Al)2
2.102 55 2.12 2021 Ti(Cr,Al)2
2.076 15 2.13 221 T i02
2.054 15 2.05 0004 Ti(Cr,Al)2
2.015 14 2.035 002 Y
1.972 12 2.00 200 Y
1.923 8 1.93 2022 Ti(Cr,Al)2
1.859 5 1.86 1014 Ti(Cr,Al)2
1.735 6 1.71 202 3 Ti(Cr,Al)2
1.597 10 1.60 231 T i02
1.454 4 1.45 023 T i02
1.428 6 1.43 202 Y
1.413 21 1.42 2133 Ti(Cr,Al)2
1.398 6 1.416 220 Y
1.371 16 1.38/1.375 3032/300 Ti(Cr,Al)2/Al20 3
1.315 13 1.32 202 5 Ti(Cr,Al)2
1.287 4 1.29 2134 Ti(Cr,Al)2
1.26 10 1.26 224 0 Ti(Cr,Al)2
1.218 6 1.22 113 Y
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Table 7 XRD data o f  the amorphous Ti-48A1 (produced by the
discontinuous route) heat-heated in air at 773K for 15 hours.
d(A)
measured
I/Io d (A)
reference
hkl Phase
2.299 100 2.325/2.342 111/0002 y/a
2.179 60 2.22/2.20 10U/2021 a /a2
1.422 29 1.43/1.446 202/2240 y
Table 8 XRD data o f  the amoiphous Ti-48A1 (produced by the
discontinuous route) heat-heated in air at 873IC for 120 minutes.
d (A) I/Io d(A) hkl Phase
measured reference
2.825 18 2.83 110 y
2.463 16 2.53/2.50 1010/2020 a/a2
2.313 100 2.33 111 y
2.189 17 2.22/2.20 1011/2021 a/a2
2.011 18 2.035 002 Y
1.424 29 1.427 202 Y
1.211 14 1.21 311 Y
Table 9 XRD data o f  the amoiphous Ti-48A1 (produced by the
discontinuous route) heat-heated in air at 973K for 30 minutes.
d (A) I/Io d(A) hkl Phase
measured reference
2.52 24 2.50 2020 a 2
2.326 51 2.32 111 Y
2.294 100 2.31 0002 a 2
2.152 58 2.20 2021 a 2
2.111 61 2.10 1012 a2
2.079 26 1.96 113 A120 3
1.982 18 2.00 200 Y
1.416 19 1.43 202 Y
1.403 16 1.41 220 Y
1.374 15 1.39 3140 a2
1.317 15 1.31 2023 a2
1.262 14 1.25 4040 a2
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Table 10 XRD data o f  the amoiphous Ti-50Al-20Cr (produced by the 
discontinuous route) heat-treated in air at 873IC for 3 hours.
d (A )
measured
I/Io d (A)
reference
hkl Phase
2.276 100 2.325 111 y
1.398 22 1.398 220 y
Table 11 XRD data o f the amorphous Ti-50Al-20Cr (produced by the
discontinuous route) heat-heated in air at 923K for 15 min.
d (A ) I/Io d (A) hkl Phase
measured reference
3.006 61 2.891 1120 a2
2.119 95 2.325 111 Y
Table 12 XRD data o f  the amoiphous Ti-50Al-20Cr (produced by the
discontinuous route) heat-treated in air at 923K for 30 min.
d (A) I/Io d(A) hkl Phase
measured reference
2.52 28 2.530 1120 Ti(Cr,Al)2
2.322 65 2.325 111 Y
2.284 99 2.323 1013 Ti(Cr,Al)2
2.174 54 2.191 2020 Ti(Cr,Al)2
2.15 100 2.155 1122 Ti(Cr,Al)2
2.11 58 2.117 2021 Ti(Cr,Al)2
2.055 28 2.055 0004 Ti(Cr,Al)2
1.98 38 2.003 200 Y
1.416 18 1.427 202 Y
1.402 26 1.417/1.416 2133/220 Ti(Cr,Al)2/y
1.374 18 1.376 3032 Ti(Cr,Al)2
1.317 20 1.315 2025 Ti(Cr,Al)2
1.263 16 1.265 2240 Ti(Cr,Al)2
Appendix A 198
Table 13 XRD data o f  the amorphous Ti-50Al-20Cr (produced by the
discontinuous route) heat-treated in air at 973K for 5 min.
cl (A)
measured
I/Io d(A)
reference
likl Phase
3.015 50 2.998 1012 Ti(Cr,Al)2
2.523 25 2.53 1120 Ti(Cr,Al)2
2.325 47 2.325 111 Y
2.287 88 2.323 1013 Ti(Cr,Al)2
2.177 70 2.191 2020 Ti(Cr,Al)2
2.154 100 2.155 1122 Ti(Cr,Al)2
2.111 49 2.117 2021 Ti(Cr,Al)2
1.984 34 2.003 200 Y
1.868 19 1.861 2022 Ti(Cr,Al)2
1.537 14 1.539 1015 Ti(Cr,Al)2
1.417 17 1.427 202 Y
1.401 25 1.417/1.416 2133/220 Ti(Cr,Al)2/y
1.377 16 1.376 3032 Ti(Cr,Al)2
1.319 15 1.315 2025 Ti(Cr,Al)2
1.263 16 1.269 301 Y
1.255 15 1.265 2240 Ti(Cr,Al)2
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Appendix B 
Determining Coefficients 
Using Least-Squares Regression
Least-squares regression is widely used in curve-fitting, which is often used in 
trend analysis and hypothesis testing, hi the latter case, an existing mathematical 
model is compared with measured data. If model coefficients are unknown, the 
values o f these coefficients can be determined by finding the best fitting to the 
observed data using least-squares regression. The least-squares regression used in 
this work is summarised as followed.
Consider a function having one variable x  as indicated in equation 1: 
y  ~  g ( a > b ) f (x )  W
where a and b are the two unknown coefficients. There would exist an error, or 
residual, e, which is the discrepancy between the hue value o f  y  and the modelled 
value. This residual can be expressed as:
e  _  y " i e <is _  y X m & e l  (2)
where ymeas is the measured value, and ymodel the estimated value. Supposing that 
there are n measured data, the strategy o f  finding the best fit o f  the unknown 
coefficients is to find the parameters that make the sum o f the squares o f  the 
residuals (j 'minimum. This sum o f squares o f  residuals is expressed as:
■?=!>,2 = 2 > r  -yrMr =£(y‘r  -*(«. *) / (*, » 2 ( 3 )
/=! (=1 M
Mathematically, in order to determine values for a and b, equation 3 is 
differentiated with respect to each coefficient. Setting these derivatives equal to 
zero will result in a minimum S:
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—  = 0,—  = 0 w  
da db
The optimised values o f  a and b are thus obtained by solving equation 4.
hi cases where analytical derivatives as shown in equation 4 are difficult to obtain, 
the minimum o f  S can be evaluated numerically, i.e. the problem is transformed 
into finding the minimum o f equation 3, in which a and b have become the two 
variables.
There are many algorithms and computing libraries available in terms o f 
numerically searching the function minimum. In the work discussed in this thesis, 
the minimisation was performed using MATLAB (Version 5.2.0, by The 
MathWorks Inc.) build-in function fmins. This function uses the Nelder-Mead 
simplex search method (Nelder and Mead, 1965, Chapra and Canale, 1998), which 
is the most commonly used step method, hi this case, the two diffusion coefficients 
are a and b in equation 3. In order to find the global minimum, different starting 
points were used.
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Publications To Date
1. Wang S Z, Shao G, Tsakiropoulos P and Wang F, “Phase Selection in 
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2. Wang S Z, Shao G, Grosdidier T, Bolle B, Wang F and Tsakiropoulos P, 
“ Structural Development in Sputter Deposited TiAlCr Coatings” , Structural 
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(2001), 663
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Received Magnetron Sputtered TiAlCr Depositions” , EUROMAT’99, 11,
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References 202
REFERENCES
Abe T, Akiyama S and Onedera H, ISIJ International, 34, (1994), 429 
Abraham F F, Journal of Chemistry Physics, 51, (1969), 1632 
Ahuja R and Fraser H L, Journal of Electronic. Materials., 23 (10), (1994) 1027 
Arnould O, Hild F, Microscopy and Analysis, (2000), 17
Banerjee R, Swaminathan S, Wiezorek j M K, Wheeler R and Fraser H L, Metallurgical and 
Materials Transactions A, 27A, (1996), 2047
Banerjee R, Swaminathan W, Wheeler R and Fraser H L, Philosophical Magazine A, 80(8),
(2000), 1715
Barbara E W, Journal of Chemical Physics, 105, (1996), 1090
Battezzati L, Antonione C and Riontino G, Journal of Non-Crystalline Solids, 89, (1087), 114
Becher S, Rahmel A, Schor M and Schutze M, Oxidation of Metals, 38, (1992), 425
Becker R and Doring W, Annals of Physics, 24, (1935), 719 
Bernal J D, Nature, 188, (1960), 910
Beye R W and Gronsky R, Acta Metallurgica et Materiaiia, 42, (1994), 1373 
Beye R, Berwerft M, Hosson J T M and Gronsky R, Acta Materiaiia, 44, (1996), 4225
Blackburn M J and Williams J C, Trans ASM, 62, (1969), 398
Blatter A and B106 M Von, Physics Review Letters, 54, (1985), 2103
Bormann R, Gartner F and Haasen P, Z. Phys. Chem. 157, (1988)a, 29
Bormann R, Gartner F and Zoltzer K, Journal of Less-Common Metals, 145, (1988)b, 19
Bormann R and B103 K, Phys. Stat. Sol., 131, (1992), 691
References 203
Boyer R F, J. Macromol. Sci. Phys., B12, (1976), 253
Brady M P, Smialek J L, Terepka F, Scripta Metallurgica. et Materialia, 32(10), (1995), 1659 
Brady M P, Brindley W J, Smialek J L and Locci I E, Journal of Materials Science, 48, (1996), 46
Brady M P, Smialek J L, Smith J and Humphrey D L, Acta materialia, 45, (1997)a, 2357
Brady M P, Smialek J L, Humphrey D L and Smith J, Acta materialia, 45, (1997)b, 2371
Brady M P, Tortorelli P F in: High Temperature Corrosion and Materials Chemistry, Hou PY, 
McNallan MJ, Oltra R, Opiia EJ, Shores DA (Eds.), Pennington, NJ: ECS, (1998), 466
Brechet Y J M and Purdy G R, Scripta Metallurgica Materiala, 27, (1992), 1753
Broyce A, Morton P H and Bell T,ASM Handbook, 5, Surface Engineering, Lampman S T, 
Reidenbach F and Lucarelli T M ed., ASM International, The Materials Information Society,
USA, (1996), 835
Burgio N, Guo W, Martelli S, Magini M, Padeila F and Soletta I, Structural Applications of 
Mechanical Alloying, Froes F H and deBarbadillo J J, ASM International, Materials Park, OH, 
(1990), 175
Cahn J W, Acta Metallurgica, 10, (1962), 1
Cahn R W, Haasen P and Kramer E J, Materials Science and Technology., 9, (1992), 499 
Cantor B and Cahn R W, Acta Metallrugica, 24, (1976), 845
Chapra S C and Canale R P, Numerical Methods for Engineers, 3rd ed., The McGraw-Hill 
Companies Inc., Singapore, (1998), 381
Chen H S and Turnbull D, Journal of Chemistry Physics, 48 (1968), 2560 
Chen H S and Park B K, Acta Metallrugica, 21, (1973), 395 
Chen H S, Acta Metallrugica, 24, (1976), 153
Chen H S and Jackson K A, Metallic Glasses, American Society for Metals, Metals Park, OH, 
(1978), 74
Cheng Y F, Dettenwanger F, Mayer J, Schumann E and Ruhle M, Scripta Materialia, 34, (1996), 
707
References 204
Cocco G, Soletta I, Battezzati L, Baricco M and Enzo S, Philosophy Magazine, B61, (1990), 473 
Cohen M H and Turnbull D, Nature, 189, (1961), 131
Cottrell Alan, An Introduction to Metallurgy, Edward Arnold Ltd, London, (1975), 190
Crank J, "The Mathematics of Diffusion", Clarendon Press, Oxford, (1956)
Crank J, "The Mathematics of Diffusion", Clarendon Press, Oxford, (1975)
Davies H A, Aucote J and Hull J B, Nature, 246, (1973), 13
Davies H A, Aucote J and Hull J B, Scripta metallurgica., 8, (1974), 1179
Davies H A, Physics and Chemistry of Glasses, 17, (1976), 159
Dowling J R and Donlon W T, Scripta Metallurgica et Materiaiia, 27, (1992), 1663
Duwez P, Willens R H and Klement W, J. Applied Physics, 31, (1960), 1136
Eckler K, Gartner F, Assadi H, Norman A F, Breer A L and Herlach D M, Mat. Sci. and Eng., 
A226-228, (1997), 410
Egami T, Amorphous Metallic Alloys, ed. Luborsky F E, Butterworth & Co Ltd., London, (1983), 
100
Elliott S R, "Phsics of Amorphous Materials", 2nd ed. Longman Scientific & Technical, New 
York, (1990)
Finney J L, Amorphous Metallic Alloys, ed. Luborsky F E, Butterworth & Co Ltd., London,
(1983), 55
Frenkel J, Kinetic Theory of Liquids, Clarendon, Oxford, (1946)
Gaskell P H, Journal of Non-crystalline Solids, 32, (1979), 207
Gellatly B J ad Finney J L, Journal of Non-crystalline Solids, 50, (1982), 313
Goiczewski J A, Seifert H J and Aldinger F, CALPHAD, 22, (1998), 381
Goodhew P J and Humphreys F J, "Electron Microscopy and Analysis", Wykeham Publications, 
London, B15, (1992)
References 205
Guo W, Martelli S, Burgio N, Magini M, Padella F, Paradiso E and Soletta I, Journal of Materials 
Science, 26, (1991), 6190
Guo W, Martelli S, Padella F, Magini M, Burgio N, Paradiso E and Franzoni U, Materials 
Science Forum, 88-90, (1992), 139
Guo W, lasonna A, Magini M, Martelli S and Padella F, Journal of Materials Science, 29, (1994), 
2436
Hafner J, Physics Review, B, 28, (1983), 1734
Hayes F H, J. Phase Equilibria, 13 (1), (1992), 79
Heinrich K F J, "X-ray Optics and Microanalysis", Castaing R, Deschmps P, Philibert J eds., 
(1966), 159
Hillert M, Internal Report, The Growth ofFerrite, Bainite and Martensite. Swedish Institute for 
Metal Research, Stockholm, (1960)
HiNert M, The Mechanism of Phase Transformations in Crystalline Solids, Institute of Metals, 
London, (1970), 231
Hillert M and Sundman B, Acta Metallurgica, 24, (1976), 731
Hillert M and Jarl M, CALPHAD: Comput. Coupling Phase Diagrams Thermochem. 22, (1975), 
83
Hillert M and Jarl M, CALPHAD, 2, (1978), 227
Hillert M, "Rapid Solidified Amorphous and Crystalline Alloys", eds. Kear B H, Giessen B C and 
Cohen M, North-Holland, (1982), 3
Hillert M, Metallurgical and Materials Transaction, 15A, (1984), 411
Hillert M, Phase Equilibria, Phase Diagrams and Phase Transformations - Their Thermodynamic 
Basis. Cambridge University Press, Cambridge, (1998)
Hillert M, Acta Metallurgica, 47, (1999), 4481
Hillert M and Schalin M, Acta Materialia, 48, (2000), 461
Hoch M and Useil R J, Metallurgical Transaction, 2, (1971), 2627
References 2 0 6
Hockings M G, Vasantasree V and Sidky P S, "Metallic & Ceramic Coatings: Production, High 
Temperature Properties and Applications", Longman Scientific & Technical, Bath press, Avon, 
UK, (1989)
Heuguet A and Menand A, Applied Surface Scinece, 76/77, (1994), 191
Hume-Rothery W, Smallman R E and Haworth C W, The Structure of Metals and Alloys, The 
Metals and Metallurgy Trust of the Institute of Metals and the Institution of Metallurgists, London, 
(1996)
Ichimura H and Kawana A, Journal of Materials Research, 5, (1993), 1093 
Inoue A, Chen S and Masumoto T, Materials Transaction, JIM, 31, (1990), 929
Inoue A, Bulk Amorphous Alloys, Trans Tech Publications Ltd, Switerland, (1998), 74
Jewett T J and Dahms M, Scripta Metallurgica et Materialia, 32, (1995), 1533
Jewett T J and Dahms M, Z. Metallkd., 87, (1996), 254 
Jewett T J, Ahrens B and Dahms M, Scripta Materialia, 34 (3), (1996), 395 
Jiang H G and Baram J, Materials Science and Engineering, A 208, (1996), 232 
Johnson W L Progress in Materials Science, 30, (1986), 81
Jones H, "Rapid Solidification of Metals and Alloys", The institution of Metallurgists, London, 
(1982), 1
Jones S A and Kaufman M J, Acta Metallurgica et Materialia, 41, (1993), 387
Joseph O H, Journal of Chemistry Physics, 61(7), (1974), 2690
Kad B K and Fraser H L, Philosophy Magzine Letters, 70, (1994), 211
Karlyn D A, Cahn J W and Cohen M, Transaction Am. Inst. Min. Engrs., 245, (1969), 197
Kaschiev D, Surface Science, 14, (1969), 209
Kelton KF, Greer AL and Thompson CV, Journal of Chemistry Physics, 79, (1983), 6261 
Kim Y W, Journal of Materials, 41, (1989), 24
References 207
Kim Y W, High Temperature Ordered Intermetallics Alloys IV, Pittsburgh, (1991), 777 
Kim Y W, Acta Metallurgica et Materiaiia. 40, (1992), 1121
Kim S, Smith G D W, Roberts S G and Cerezo A, Materials Sceince and Engineering, A250, 
(1998), 77
Klansky J L, Nic J P and Mikkola D E, Journal of Materials. Research., 9, (1994), 255
Kiement W.Willens R H and Duwez P, Nature, London, 187, (1960), 869
Koch C C, Cavin O B, McKamey C G andScarbrough J O, Applied Physics Letters, 43, (1983), 
1017
Lee L and Saunders P, Z. Metallkd. 88, (1997), 152
Leewis B G and Davies H A, Materials Science and Engineering, 23, (1976), 179
Li X L, Hiller R, Teyssandier F, Choi S K and Van Loo F J J, Acta Metallurgica et Materiaiia, 11, 
(1992), 3149
Liu Y Q, Shao G and Homewood K P, Journal of Applied Physics, 90, (2001), 724
Lu Z P, Tan H, Li Y and Ng S C, Scripta, Materiaiia. 42, (2000), 667
Lticke K and Stiiwe H, Recovery and Recrystallization of Metals, ed. Limmel L, Interscience, 
New York, (1963), 11
Luthra K L, Oxidation of Metals, 36, (1991), 475
Martelli S, Guo W, lasonna A, Magini M, Padeila F, Paradiso E, Burgio N and Delia P M, 
Euromat 91, 2 (Advanced Structural Materials), The Institute of Materials, London, (1992), 379
Massalski T B, Phase Transformations, ASM, Metals Park, (1970), 433
Massalski T B, Metallurgical and Materials Transaction, 15A, (1984), 421
Massalski T B, Binary Alloy Phase Diagrams, 2nd Ed, ASM International, Materials Park, Ohio, 
1, (1990)
References 208
Mattox D M, Handbook of Physical Vapour Deposition (PVD) Processing, Noyes Publications, 
New York, (1998)
McCullough C, Valencia J J, Levi C G and Mehrabian R, Acta Metallurgica, 37, (1989), 1321 
Meier G H, Pettit F S and Hu S, Journal of de Physique, 3, (1993), 393
Menand A, Zapolsky-Tatarenko H, Nerac-Partaix A, Materials Sceince and Engineering, A250, 
(1998), 55
Menon E S, Plichta M R and Aaronson H I, Acta Metallurgica, 36, (1988), 321
Michaelsen C, Barmak K and Weihs T P, Journal of Physics. D: Applied Physics, 30, (1997), 
3167
Muggianu Y M, Gambino M and Bros J P, Journal of Chemistry Physics, 22, (1975), 83
Murata K, Matsukawa T and Shimizu R, Japan Journal of Applied Physics, 10, (1971), 678 
Nakayama Y and Mabuchi H, Intermetallics, 1, (1993) 41 
Neider J A and Mead R, Computer Journal, 7, (1965), 308
Nerac-Partaix A, Huguet A and Menand A, Proc. Of the 124th TMS Annual Meeting, Las Vegas,
(1995), 12
Nerac-Partaix A and Menand A, Scripta Materialia, 35, (1996), 199 
Okamoto H, Phase Equilibrium. 14, (1993), 120
Owen A E, Amorphous Solids and the Liquid State, Harch N H, Street R A and Tosi M eds., 
Plenum, (1985), 395
Padmaprabu C, Kuppusami P, Terrance A L E ,  Mohandas E, Raghunathan V S, Banerjee S and 
Sanyal M, Materials Letter 43, (2000), 106
Palm M, Zhang L C, Stein F and Sauthoff G, Intermetallics, 10, (2002), 523
Pekala K, Jaskiewica P, Oleszak D and Trykozko R, Applied. Physics, A55, (1992), 148
Perepezko J H, Metallurgical and Materials Transaction, 15A, (1984), 437
References 209
Perkins RAand Meier GH, Prodeedings of the Industry-University Advanced materials Institude, 
(1989), 92
Polk D E and Giessen B C, Metallic Glasses, American Society for Metals , Metals Park, OH, 
(1978), 1
Polmear I J, Light Alloys, 2nd ed., Honeycombe R and Hancock P eds., Arnold, London, (1989)
Polmear I J, Light Alloys, 3rd ed., Honeycombe R and Hancock P eds., Arnold, London, (1995)
Rahmei A and Spencer P J, Oxidation of Metals, 35, (1991), 53
Rakowski J M, Pettit F S, Meier G H, Schumann E and Ruhle M, Scripta Metallurgica et 
Materialia, 33, (1995), 997
Ramachandrarao P, Rapidly Quenched Metals III, Cantor B ed., University of Sussex, Brighton, 
(1978), 392
Raman A and Schubert K, Z. Metallk., 56, (1965), 40 
Raman A and Schubert K, Z. Metallk., 56, (1965), 99
Reed S J B, "Electron Microprobe Analysis", Cambridge University Press, Cambridge 
Reiss H, Journal of Chemistry Physics, 18, (1950), 840
Riviin Z and Baram J, 1994 EPD Congress, Proc. Symp. Sponsored by Extraction a+B89nd 
Processing Division, TMS Annu. Meet., Warren G W ed., TMS, Warrendale, PA, 1994, p.999
Saunders N and Miodownik AP, CALPHAD, 9, (1985), 283
Saunders N and Miodownik A P, Journal of Materials Research, 1, (1986), 38
Saunders N and Miodownik AP, Journal of Materials Science, 22, (1987), 629
Saunders N and B123 A P, CALPHAD: A Comprehensive Guide, Elsevier Science Ltd., 
Pergamon, (1996)
Schluter H, Freyhart H C, Krebs H U and Bormann R, Z. phys. Chem. 157, (1988), 407 
Schultz L, Materials Science and Engineering, 97, (1991), 15 
Schwarz R B and B157 W  L, Physics Review Letters, 51, (1983), 415
References 210
Seibold A., Z. Metallk., 72, (1981), 712
Shao G and Tsakiropoulos P, Acta Metallurgica Materiaiia, 42, (1994), 2937
Shao G, "A Study of Phase Transformation in the Ti-AI-V System", PhD Thesis, (1995)
Shao G, Tsakiropoulos P, in Gamma Titanium Aluminides, (1999)a, eds. Kim Y.-W. et al, TMS 
(Warrendale), p. 189
Shao G and Tsakiropoulos P, Intermetallics, 7, (1999)b, 579
Shao G, 'Prediction of Amorphous Phase Stability in Metallic Alloys', Journal of Applied Physics, 
88, (2000)a, 4443
Shao G and Tsakiropoulos P, "On the structural evolution in Fe-AI
laminates obtained by physical vapour deposition", Philosophy Magazine, A, 80, (2000)b, 693
Shao G and Tsakiropouplos P, Intermetallics and Superalloys, Euromat, 10, eds. Morris D G, 
Naka S and Caron P, (2000)c, 330
Shi F G, Journal of Materials Research, 9, (1994), 1908
Sinning H R and Haessner F, Materials Science and Engineering, 97, (1988), 453
Speyer R F, Thermal Analysis of Materials, Marcel Dekker Inc., New York, (1994), 41
Suryanarayana C, Chen G H, Frefer A and Froes F H, Materials Science and Engineering,
A158, (1992), 93
Suryanarayana C, Intermetallics, 3, (1995), 153 
Takayama S, Journal of Materials Science, 11, (1976), 164 
Tanner I E and Ray R, Acta Metallurgica, 27, (1979), 1727 
Temkin D E and B89 V V, Journal of Crystal Growth, 66, (1984), 380 
Thompson C V and Spaepen F, Acta Materiaiia, 31, (1983), 3021 
Thompson C V, Journal of Materials Research, 7 (2), (1992), 367
References 211
Turnbull D and Fisher J C, Journal of Chemistry Physics, 17, (1949), 17
Turnbull D, Journal of Applied Physics, 21, (1950), 21
Uhlmann D R and Yinnon H, Glass Science and Technology, 1, (1983), 1
Villars P and Calvert L D, Pearson's Handbook of Crystallographic Data for Intermetallic 
Phases, American Scociety for Metals, Metals Park, (1985)
Volmer M and Weber A, Journal of Physical Chemistry, 119, 1926, p.227 
Wakeshima G, Journal of Chemistry Physics, 22, (1954), 1614
Williams DB and Carter CB, Transmission Electron Microscopy, Plenum Press, New York,
(1996)
Zeldovich J B, Acta Physiochim, URSS, 18, (1943), p.1
Zheng N, Fishcer W, Grubmeier H, Shemet V and Quadakkers W J, Scripta Metallurgica et 
Materialia, 33, (1995)a, p.47
Zheng N, Quadakkers W, Gil A and Nickel H, Oxidation of Metals, 44, (1995)b, p.477 
Zhou S H and Sommer F, Journal of Alloys and Compounds, 292, (1999), 156
